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ABSTRACT 


This  report  presents  test  data  obtained  in  a  hyperthermal  plasma  arc  environ¬ 
ment  on  newly- developed  materials  and  materials  concepts  applicable  to  re-en¬ 
try  heat  shield  design  including  both  ballistic  and  lifting  re-entry  vehicles. 

The  experimental  work  concentrated  on  evaluation  of  candidate  materials  in 
the  following  six  categories: 

Low-Density  Ablators 
High-Density  Ablators 

Special  Class  Low-Density  Ablators  for  Lockheed  ENCAP  Program 
Coated  Refractories  (Syl vania  Electric  Products  Coatings) 
Graphitic  Materials  and  Carbon  Composites 
Char  Layer  Formation  on  Phenolic-Carbon 

Calibration  of  the  plasma  arc  re-entry  environment  obtained  in  the) Electro- 
Thermal  Facility  at  Space-General,  \  A  Division  of  Aerojet-General  Corporation, 
ts~pre  sented-i  n -detail- - 

Materials  test  data  obtained  in  the  various  test  programs  include  the  effects 
of  model  shape,  material  density,  commercial  versus  high  purity  grades  of 
graphite  and  carbon  cloth  materials,  high  pressure,  and  high  enthalpy.  Per¬ 
formance  data  of  the  low-density  and  high-density  ablators  evaluated  under 
this  contract  are  compared  with  previously- tested  ablators  of  each  category. 

In  addition  to  the  materials  evaluation  portion  of  this  study,  a  secondary 
objective  of  this  project  was  directed  toward  the  development  of  a  graphical 
method  for  correlating  test  data.  Various  correlation  procedures  are  inves¬ 
tigated  and  a  method  using  the  transfer  parameter  of  qTp  is  described  and 
used  for  presenting  test  data  obtained  from  the  materials  evaluated  under 
this  contract.  Correlation  of  data  and  projections  from  accumulated  data 
has  thus  far  been  successful  for  the  various  materials  attempted. 
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INTRODUCTION 


The  primary  objectives  of  this  project  were  to  initiate  test  programs 
using  newly-developed  materials  concepts  and  to.  extend  the  range  and  accuracy 
of  certain  previous  test  programs  investigating  special  problem  areas  associ¬ 
ated  with  a  number  of  different  types  of  heat  shield  materials.  Each  experi¬ 
mental  program  represented  an  individual  effort  with  specialized  measuring 
techniques  and  selected  test  conditions  depending  on  the  development  need  and 
application.  A  secondary  objective  of  this  project  was  directed  toward  de¬ 
veloping  graphical  methods  for  correlating  test  data.  The  specific  objectives 
and  accomplishments  of  each  of  these  efforts  are  deserted  in  the  Summary. 

This  report  is  organized  giving  separate  chapters  to  each  of  six  ma¬ 
terials  categories:  l)  Low-Density  Ablators,  2)  High-Density  Ablators, 

3)  Special  Class  Low-Density  Ablators,  4)  Coated  Refractory  Metals,  5)  Car¬ 
bon  Composites  and  Graphitic  Materials,  and  6)  Char  Layer  Formation.  Each 
chapter  is  subdivided  into  sections  describing  l)  objectives  of  the  test, 

2)  particular  materials  investigated,  3)  calibration  of  the  test  environ¬ 
ment  and  special  instrumentation,  and  4)  a  summary  of  the  test  results.  The 
exploratory  work  on  studying  data  correlation  methods  is  presented  as  a  sep¬ 
arate  chapter  utilizing  in  part  test  results  from  the  earlier  chapters  in 
addition  to  test  data  gathered  from  other  sources. 
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SUMMARY 


The  experimental  work  concentrated  on  producing  accurate  and  relia¬ 
ble  test  data  for  the  following  six  materials  classifications: 

A.  Low-Density  Ablators 

B.  High-Density  Ablators 

C.  Special  Class  Low-Density  Ablators 

D.  Coated  Refractory  Metals 

E.  Carbon  Composites  and  Graphitic  Materials 

F.  Char  Layer  Formation 

A  summary  chart  showing  the  variety  of  models  and  test  conditions  is  pre¬ 
sented  in  Table  1. 

The  majority  of  the  work  concentrated  on  the  study  of  low  and  high- 
density  ablators  and  graphitic  and  carbon  composite  materials,  Items  A,  B 
and  E  above.  A  total  of  IIP  models  were  tested  in  these  materials  cate¬ 
gories  as  compared  with  a  total  of  ^3  models  in  the  other  materials  classes, 
Items  C,  D  and  F,  above.  The  individual  objectives  of  each  of  the  test  pro¬ 
grams  numerated  above  were  as  follows: 

A.  The  four  primary  objectives  associated  with  the  Low-Density  Abla¬ 
tor  Program  were:  l)  to  extend  the  range  of  heating  loads  applied  to  the 
models  above  those  tested  in  previous  work,  P)  to  compare  relative  perfor¬ 
mance  of  newly- developed  materials  provided  by  Douglas  Aircraft  Company, 
Boeing  Aircraft  Company,  and  the  Armstrong  Cork  Company,  3)  to  determine  the 
relative  merits  of  flat- face  versus  'iso-q'  shaped  test  models,  and  h)  to 
evaluate  the  influence  of  systematic  changes  in  density  level. 

B.  The  major  objectives  of  the  High-Density  Ablator  Program  were 
similar  to  those  of  A  above  with  the  exception  that  only  hemispherical 
shapes  were  considered,  with  the  materials  suppliers  in  this  case  being 
Union  Carbide  Corporation  and  Dow  Corning  Corporation. 

C.  The  objective  of  the  Special  Class  Low-Density  Program  was  to 
provide  specific  performance  information,  primarily  resistance  to  erosion 
and  char  spallation,  for  a  number  of  candidate  materials  considered  for  the 
Lockheed  ENCAP  program. 

D.  The  main  objective  of  the  Coated  Refractory  Metals  Program  was 
to  determine  the  failure  (melting)  temperature  of  selected  S.ylvania  coatings 
under  conditions  of  low  pressure. 

E.  The  three  major  objectives  of  the  Carbon  Composites  and  Graphitic 
Materials  Program  were  l)  to  compare  commercial  versus  high-purity  grades  of 
carbon  and  graphite,  ,?)  to  compare' corresponding  materials  (carbon  and  gra¬ 
phite)  from  various  vendors,  and  3)  to  compare  the  influence  of  high  pressure 
(h  atmospheres)  versus  low  pressure  (O.OG  atmospheres)  test  environments. 
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F.  The  objective  of  the  Char  Layer  Program  was  to  produce  a  £-inch  to 
o-:lnch  thick,  unifc-  '  char,  under  transient  test  conditions,  suitable  to  pro¬ 
vide  the  necessary  performance  information  to  be  used  by  Boeing  Aircraft  Com¬ 
pany  in  performing  detailed  analyses  of  the  char  layer  in  a  phenolic-carbon 
composite  material  under  Contract  AF  33( 6i5)-38o4. 

All  of  the  test  work  was  carried  out  in  the  Space-General  Electro- 
Thermal  Arc  Facility,  which  is  described  in  the  facilities  brochure  (Ref.  1, 
December  1966).  All  testing  was  done  under  supersonic  flow  condi  .ions.  Al¬ 
though  the  facility  provides  for  nozzle  test  streams  up  to  eight  inches  in 
diameter,  the  model  sizes  evaluated  in  the  present  program  were  in  a  size 
category  which  permitted  exclusive  use  of  the  three-inch  exit  diameter  nozzle. 
Most  of  the  testing  was  accomplished  using  the  low  pressure/high  enthalpy  arc 
generator  with  the  exception  of  the  high  pressure  test  work  in  the  Carbon 
Composite  and  Graphitic  Materials  program,  which  employed  the  high  pressure 
(up  to  40  atmospheres  possible)  arc  generator.  Test  times  varied  from  a  few 
seconds  to  one  hour  at  either  constant  or  transient  heating  conditions,  de¬ 
pending  on  the  need  of  the  evaluation  program. 

Data  Correlation  Study 

The  amount  of  experimental  test  data  available  throughout  the  country 
is  increasing  at  such  a  rate  as  to  make  it  essential  to  have  some  general  way 
of  comparing  the  order  of  merit  of  tested  materials.  Specifically,  it  is 
necessary  that  some  way  be  found  which  will  include  both  enthalpy  and  pressure 
effects  (i.e.  altitude  and  velocity  effects)  for  practical  flight  applications. 
Further,  the  data  correlation  procedure  must  be  reasonably  simple  to  use,  based 
on  measured  quantities  usually  obtained  in  an  arc  tunnel. 

As  a  preliminary  step  in  studying  this  problem,  various  correlation  pro¬ 
cedures  were  investigated  using  arc  tunnel  data  compiled  from  various  sources. 

A  method  using  e  transfer  parameter  of  qTj?  was  found  to  be  particularly  pro¬ 
mising.  This  work  is  reported  in  Section  8.0. 
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2.0  LOW- DENSITY  ABLATOR  PROGRAM 

Ablative  materials  possessing  a  density  range  from  20-35  lb/ft3 
were  provided  by  Douglas  Aircraft  Company,  Armstrong  Cork  Company,  and  Boe¬ 
ing  Aircraft  Company.  All  candidate  materials  were  subjected  to  identical 
environmental  beating  conditions  and  performance  data  obtained  from  these 
tests  were  compared  with  each  other  and  with  earlier  materials  performance 
data  obtained  on  other  low-density  ablators,  as  reported  in  Ref.  2  (Welsh, 
et  al,  1966) . 

2.1  Objectives 

An  Air  Force  -  sponsored  program  was  completed  in  January  1966  by 
Aerospace  Corporation,  <E1  Segundo,  California,  in  which  low-density  abla¬ 
tion  materials  were  surveyed;  a  final  report  issued  under  Report  No.  TDR- 
669(6240-10)-5  summarizes  the  test  results  obtained  for  the  following  ma¬ 
terials: 


General  Electric  ESM  1001  and  ESM  1004  -  elastomer  type 
Lockheed  Lockheat  1  and  2  -  inorganic  laminate  type 

McDonnell  S-6  -  elastomer  type 
AVCO  Avcott  5026-39  -  rigid  composite  type 
Martin  E£'A  35^0  and  ESA  356OHF  -  elastomer  type 
Emerson  T- 500-111  -  rigid  composite  type 
Langley  Purple  Blend  -  elastomer  type 
Langley  Phenolic  Nylon  -  rigid  composite  type 

The  above  materials  were  evaluated  at  cold-wall  heating  rates  of 
20,  60,  90,  120  and  150  Btu/ft^-sec  In  a  reconstituted  air  plasma  arc. 

Model  configuration  was  a  2.0-inch  diameter  flat-face  cylinder  instrumented 
with  chromel/alumel  thermocouples  at  specific  locations  in  the  model  and 
at  the  back- face.  The  objective  of  this  phase  of  our  contract  was  to  pro¬ 
vide  additional  data  on  other  materials  in  the  low-density  ablator  category 
and  to  compare  the  results  of  this  nev:  data  with  that  presented  in  Ref.  2 
(Welsh,  et  al,  1966).  i 

f  r! 

2.2  Description  of  Materials  Tested 

Three  companies  actively  participated  in  the  low-density  ablator  pro¬ 
gram  by  providing  test  materials  and,  in  two  cases,  fully-instrumented  test 
models.  The  supplier  and  type  of  material  supplied  were: 

Armstrong  Cork  Company  -  Armstrong  Cork  No.  2755 
Boeing  Aircraft  Company  -  Boeing  Carborazole 
Douglas  Aircraft  Company  -  Douglas  SMORS-25 

The  model  configuration  used  in  the  evaluation  of  the  Boeing  and  Arm¬ 
strong  materials  was  a  2.0- inch  diameter  flat- face  cylinder,  instrumented  with 
four  chromel/alumel  thermocouples  at  distances  from  the  leading  edge  of  O.25O, 
0.500,  O.75O  and  1.000  inches.  A  sketch  of  the  model  configuration  and  thermo¬ 
coup?  e  location  is  presented  in  Figure  1. 
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Two  model  configurations  were  investigated  for  Douglas  Aircraft  Company 
using  their  SMORS-25  low-density  ablator  material.  Initially,  2.0- inch  diame¬ 
ter  flat-face  cylinders  identical  to  the  design  presented  in  Figure  1,  were  eva¬ 
luated.  Due  to  the  characteristics  of  the  ablation  profile  at  the  higher  heating 
rates  of  60  -  150  Btu/ft  -sec,  it  was  decided  to  use  'iso-q'  shaped  models  in  an 
effort  to  minimize  the  tendency  of  the  model  to  form  a  cavity  in  the  stagnation 
area  of  the  exposed  frontal  surface.  The  iso-q'  shape  is  depicted  in  Figure  2; 
note  that  this  particular  model  configuration  was  utilized  for  the  Douglas  model 
tests  only. 

The  test  models  supplied  by  Boeing  Aircraft  Company  and  Douglas  Aircraft 
Company  were  instrumented  in  accordance  with  our  instructions  as  described  in 
Figures  1  and  2.  Space-General  personnel  fabricated  and  instrumented  the  Arm¬ 
strong  Cork  models  using  bulk  material  supplied  by  Armstrong  at  no  charge. 

All  thermocouples  utilized  on  this  series  of  model  tests  were  of  chromel/alumel, 
36  gage,  and  were  recorded  on  a  null- balance  recorder  (Texas  Instruments  Servo- 
Riter  II),  i~$  full-scale  accuracy.  Where  possible,  exposure  times  were  ten 
minutes;  however,  a  number  of  the  models  could  not  withstand  the  heating  environ¬ 
ment  for  this  length  of  time.  Surface  temperatures  were  read  manually  using  a 
Leeds  and  Northrup  manual  optical  brightness  pyrometer.  All  surface  temperatures 
plotted  are  apparent  brightness  temperatures,  uncorrected  for  material  surface 
emissivity.  Color  film  coverage  was  obtained  on  most  of  the  model  tests  and 
has  been  forwarded  to  the  respective  material  suppliers. 

2.2.1  Armstrong  Cork  No.  2755  Material 

The  Armstrong  Cork  No.  2755  material,  with  a  density  of  30  ,lb/ft3, 
represents  one  of  the  most  recent  improvements  of  the  Armstrong  low-density 
ablators.  Erosion  rates  had  been  obtained  by  Armstrong  using  an  oxy-ace- 
tylene  torch  at  heating  rates  of  93  and  750  Btu/ft  -sec  and  were  found  to 
be  0.00520  and  O.OI693  in/sec,  respectively.  Additional  performance  data 
at  heating  rates  of  30/  60,  90,  120  and  150  Btu/ft2-sec  was  obtained.  One 
model  each  was  evaluated  at  the  above  cold-wall  heat  fluxes.  Calibration 
data  obtained  on  each  model  test  and  model  test  data  (including  weight  less 
and  recession  rates,  and  surface  temperatures)  are  tabulated  in  Tables  2 
and  3  on  the  following  page.  Model  surface  brightness  and  internal  and  back- 
face  temperature-time  histories  are  presented  graphically  in  Figures  3  through 
7 •  Pre-  and  post-exposure  black  and  white  photographs  showing  the  external 
and  cross-sectional  views  of  the  exposed  models  are  included  in  Figures  8 
through  12. 

2.2.2  Boeing  Carborazole  Material 

A  low-density  ablator  with  a  density  of  31  lb/ft3  was, provided  by  the 
Boeing  Aircraft  Company  for  evaluation  at  the  five  levels  of  heat  flux  ranging 
between  30  and  150  Btu/ft^-sec.  One  .model  was  evaluated  at  a  cold-wall  heat 
flux  of  300  Btu/ ft  -sec  using  a  hardened  version  of  the  Carborazole  (3oeing 
tradename  of  this  particular  low-density  ablator)  material.  The  Carborazole 
models  were  laminated  with  lay-up  direction  perpendicular  to  the  axis  of  the 
test  stream.  During  exposure  to  the  hot  flow,  the  layers  of  material  rapidly 
P®®I®d  off  during  ohe  first  ten  seconds  ( it  is  estimated  that  approximately 
twenty  to  thirty  layers  were  removed  from  the  test  model  during  the  initial 
exposure  period),  the  material  then  appeared  to  stabilize  with  maybe  five  to 
ten  additional  layers  peeling  off  during  the  next  thirty  seconds.  The  latter 
portion  of  each  model  test  appeared  to  be  without  peeling-off  of  the  layers. 
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Tunnel  calibration  data  obtained  on  the  Eoeing  model  tests  is  presented 
in  Table  4;  note  that  the  heating  rate  of  300  Btu/ft2-sec  is  not  one  of  the 
standard  test  conditions  for  the  low-density  ablator  tests  and  hence  is  not 
assigned  a  test  condition  number.  Model  test  data  consisting  of  the  weight 
loss  and  recession  rates,  and  the  surface  brightness  temperatures,  are  tabula¬ 
ted  in  Table  5-  Surface  and  internal  and  back- face  temperature- time  histories 
are  graphed  in  Figures  13  through  22.  The  back- face  temperature  for  all  models 
tested  under  this  portion  of  the  contract  is  that  thermocouple  located  1.0-inch 
from  the  leading  edge.  Pre-  and  post-exposure  photographs  for  each  of  the  models t 
tested  are  included  in  Figures  23  through  32;  color  film  coverage  obtained  during 
each  of  the  model  exposures  to  the  high- temperature  plasma  stream,  has  been  for¬ 
warded  to  the  Boeing  technical  monitors. 

2.2.3  Douglas  SMORS-25  Material 

The  Douglas  SMORS-25  material,  classified  as  a  low-density  elastomeric 
ablator  (density  range  from  20  -  35  lb/ft3),  is  comprised  of  a  silicone  resin 
with  microballoon  additives.  Initially,  eight  flat-faced  models  were  evalua¬ 
ted  at  the  five  heat  flux  values  selected  for  low-density  ablator  analysis. 

Fairly  uniform  ablation  profiles  resulted  at  the  lower  heat  flux  levels  of 
30  and  60  Btu/ft2-sec;  however,  severe  concaving  of  the  center  portion  of 
the  models  was  experienced,  at  the  heat  flux  levels  above  60  Btu/ft2-sec. 

In  view  of  this  occurrence,  additional  models  were  fabricated  by  Douglas 
using  an  'iso-q'  profile,  designed  to  provide  a  surface  shape  which  would 
ablate  more  evenly.  An  additional  six  models  were  then  tested  using  the  iso-q 
models  and  ablation  profiles  were  found  to  be  more  uniform  than  in  the  case  of 
the  flat- faced  models.  These  first  two  series  of  tests  (designated  by  a  letter 
' A 1  and  'AA'  after  each  model  number)  were  fabricated  from  the  Douglas  SMORS-25 
material  with  a  density  of  32  lb/ft3.  Later  on  in  the  test  program,  a  third 
series  of  tests  was  performed  using  variations  of  the  original  Douglas  SMORS-25 
material.  Eleven  models  were  evaluated  -  nine  of  which  had  a  density  of  20  lb/ft3 
and  two  of  which  had  a  density  of  25  lb/ft3.  The  latter  two  models  are  desig¬ 
nated  as  Douglas  SM0RS-25A  material  in  Table  6.  All  of  the  models  evaluated 
under  this  third  series  of  tests  were  of  the  iso-q  shape  and  were  subjected 
to  cold-wall  heat  flux  levels  of  30,  60,  90,  120  and  150  Btu/ft^-sec. 

In  order  to  permit  a  comparison  between  the  flat-face  and  the  iso-q 
shaped  models,  it  was  essential  that  duplicate  cold-wall  heat  flux  environ¬ 
ments  be  maintained.  Since  the  heating  rate  to  a  flat-face  will  be  somewhat 
different  than  that  to  an  iso-q  shaped  face  at  the  same  input  test  conditions, 
adjustments  in  the  gas  stagnation  enthalpy  were  necessary  to  achieve  identical 
heating  rates  to  both  model  configurations.  Theoretical  predictions  of  the 
heat  flux  to  an  iso-q  shaped  body  are  difficult  to  make  in  view  of  the  uncer¬ 
tainty  of  the  effect  of  body  shape.  To  avoid  unnecessary  estimates  in  this 
important  criterion,  a  calorimeter  was  constructed  of  the  same  geometry  as  the 
iso-q  test  models  -  this  calorimeter  was  used  to  define  the  cold-wall  heat 
flux  and  to  assure  a  valid  basis  for  comparing  the  flat- face  and  iso-q  model 
performance  data. 

Tables  6  and  7  present  the  tunnel  calibration  data  and  model  test  data 
for  the  complete  series  of  Douglas  model  tests.  Graphical  presentations  of 
the  internal  and  surface  temperature  histories  are  included  in  Figures  33 
through  57«  To  present  a  clearer  picture  of  the  Douglcs  model  tests,  Figures 
58  and  59  have  been  prepared,  which  clearly  show  the  performance  of  the  various 
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*  Models  13B  and  14e  constructed  of  Douglas  SMORS-25A  material, 

**  Models  tested  at  -A  Test  Conditions  were' "iso-q"  shaped  models. 

***  All  cold-wall  heat  flux  values  tabulated  are  those  measured  with  geometrically-similar  calorimeters. 
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*  Models  13B  and  ILb  constructed  of  Douglas  SM0RS-25A  material. 

**  Models  tested  at  -A  Test  Conditions  were  "iso-q”  shaped  models. 
**  (+)  Designates  model  expanded. 


density  levels  of  the  SMORS  material,  and  the  effect  of  model  shape  on  the 
material's  performance.  Figure  58  is  a  bar  graph  indicating  the  average 
front  surface  recession  rates  of  three  variations  of  the  Douglas  SMORS- 25 
material  -  the  variations  being  different  density  levels  of  20,  25  and 
32  lb/ft3.  Front  surface  brightness  temperatures  for  the  three  density 
levels  are  also  shown  on  Figure  58-  Measured  recession  rates  and  surface 
brightness  temperature  both  decreased  with  corresponding  •  increases 
in  material  density,  A  significant  difference  was  noted  between  the  per¬ 
formance  of  the  flat- faced  model  and  the  iso-q  model  (for  the  same  density 
level  of  32  lb/ft3),  with  the  iso-q  model  showing  superior  performance. 

This  result  was  expected  in  view  of  the  fact  that  the  flat-faced  models 
exhibited  severe  concave  ablation  profiles.  The  iso-q  model  shape  is  de¬ 
signed  so  as  to  provide  a  nearly  uniform  heat  flux  distribution  across  the 
front  surface  of  the  model,  hence  resulting  in  a  constant- shape  ablation 
profile  during  the  model  exposure  period. 

Back-face  temperature-time  histories  for  each  of  the  various  material 
densities  and  the  flat-face  and  iso-q  shaped  models,  are  presented  in  Figure 
59-  Similar  trends  in  temperature  response  with  density  level  are  present, 
with  the  lower  density  materials  exhibiting  higher  thermal  conductivity. 

Also,  the  iso-q  model  performed  in  a  superior  manner  to  the  flat- faced  model 
of  the  same  material  density. 

Pre-  and  post-exposure  black  and  white  photographs  of  all  models 
evaluated  for  Douglas  Aircraft  are  presented  in  Figures  60  through  80.  Color 
film  footage  of  the  model  behavior  during  exposure  to  the  high- temperature 
environment,  has  been  forwarded  to  Douglas  personnel. 

2.3  Calibration  of  Test  Conditions 

The  low-density  ablator  test  program  was  performed  in  a  hyperthermal 
plasma  arc  test  facility  (ElectroThermal  Facility)  located  at  Space-General 
Corporation.  A  low  pressure/high  enthalpy  plasma  arc  generator  was  used  in 
conjunction  with  a  supersonic  Mach  3  three- inch  exit  diameter  contoured  nozzle 
exhausted  into  an  evacuated  test  chamber.  Reconstituted  air  (79#  nitrogen 
and  21#  oxygen)  was  used  as  the  test  medium  to  simulate  the  re-entry  atmosphere. 

The  test  procedures  used  in  performing  the  evaluation  of  the  candi¬ 
date  lqw-density  ablator  materials  consisted  first  of  establishing  the  opera¬ 
tion  conditions  of  the  plasma  arc  generator  and  nozzle  system  at  which  the 
specified  re-entry  stagnation  enthalpy,  pressure  and  model  heating  rates 
would  be  attained.  The  generator  and  nozzle  components  are  of  water-cooled 
copper  and  tungsten,  with  contamination  rates  well  below  0.1#  by  weight. 

Five  test  conditions  were  selected  as  the  standard  simulated  re-entry  condi¬ 
tions;  a  sixth  condition  was  also  utilized  for  evaluating  the  Boeing  Carbora- 
zole  material.  These  selected  test  conditions  are  defined  by: 
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Routine  calibration  data  consisting  of  gas  stagnation  enthalpy,  model 
stagnation  pressure,  nozzle  stagnation  and  static  pressures,  gas  flow  rates, 
power  input  and  power  losses,  were  obtained  on  each  model  test.  Additional 
calibration  data  consisting'  of  the  model  heat  flux  measurements  was  obtained 
using  geometrically-similar  calibration  models  instrumented  with  asymptotic 
calorimeters  to  ascertain  the  model  stagnation  point  heat  flux.  Two  cali¬ 
bration  models  were  fabricated  and  instrumented  for  this  purpose  -  one  each 
of  the  flat-face  and  iso-q  model  configurations. 

The  gas  stagnation  enthalpy  was  based  on  the  energy  balance  method 
in  which  the  power  input,  power  losses  to  the  water-cooled  portions  of  the 
plasma  generator  and  nozzle  syetem,  and  gas  flow  rates  are  measured  and  re¬ 
duced  to  the  proper  form  for  calculating  the  enthalpy  in  terms  of  Bru's/lb. 

The  power  lost  by  radiation  is  neglected  in  this  method;  however,  previous 
experimental  measurements  of  the  power  lost  due  to  radiation  have  indicated 
this  amount  to  be  less  than  1#  of  the  total  power  input,  and  hence  well  within 
the  measurement  accuracy  of  this  system-  This  method  of  enthalpy  calculation 
represents  an  average  enthalpy  at  the  nozzle  exit  plane,  and  does  not  account 
for  'hot  cores'  or  cold-wall  boundary  layer  effects.  Hot  cores  have  been  eli¬ 
minated  in  our  generator-nozzle  systems  by  proper  injection  of  the  gas  consti¬ 
tuents  and  optimized  design  of  the  nozzle  contour  (expansion  section)  and  the 
mixing  (plenum)  chamber.  Consequently,  there  is  virtually  no  'hot  coring'  of 
our  plasma  streams.  Since  the  nozzle  wails  are  cool  compared  to  the  hot  gas 
flow,  there  are  cold-wall  boundary  layer  effects  which  tend  to  cause  peak  heating 
in  the  center  of  the  plasma  stream.  Surveys  with  enthalpy  probes  (obtained  on 
similarly-designed  generator-nozzle  systems)  have  shown  this  boundary  layer 
effect  to  result  in  centerline  enthalpies  no  more  than  5$  higher  than  the  average 
gas  stagnation  enthalpy  calculated  by  the  energy  balance  method,  at  the  test 
conditions  tabulated  in  the  table  above. 

Model  stagnation  pressure  was  measured  with  our  facility  water-cooled 
pitot  probe.  Radial  surveys  of  the  stagnation  pressure  were  made  at  radii  of 
0.25,  0.50,  0.75,  1.00,  1.25  and  1.50  inches;  pressure  surveys  obtained  at  each 
of  the  five  heat  flux  levels  are  plotted  in  Figure  8l.  There  is  some  indication 
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at  the  highest  heat  flux  operating  point  (Test  Condition  No.  5.  -  heat  flux  of 
150  Btu/ft2-sec)  that  a  weak  shock  diamond  is  present,  as  evidenced  by  the 
slight  dips  in  the  pressure  profile  at  radii  of  +  0.75  inches. 

Model  stagnation  radial  heat  flux  surveys  were  obtained  using  a  two- inch 
diameter  .flat- faced  model  instrumented  with  an  asymptotic  calorimeter  located 
at  the  stagnation  point.  These  heat  flux  profiles,  presented  in  Figure  82,  were 
obtained  at  quarter-inch  radial  increments  (as  in  the  pressure  profile  surveys) 
for  each  of  the  five  test  conditions.  It  is  apparent  from  the  plotted  surveys 
that  a  fairly  uniform  distribution  of  heat  flux  over  the  two- inch  diameter  flat- 
face  surface  was  available  in  the  three- inch  diameter  test  stream.  Cold-wall 
boundary  layer  effects  are  evident,  particularly  at  Test  Condition  No.  5*  Shock¬ 
wave  effects  at  Test  Condition  No.  5  are  not  as  apparent  as  in  the  corresponding 
pressure  survey  presented  in  Figure  8l.  This  is  to  be  expected  since  the  pres¬ 
sure  profile  and  an  enthalpy  profile  (which  was  not  obtained)  complement  each 
other  and  tend  to  equalize  the  heat  flux  parameter. 

Typical  environmental  parameters  and  their  measurement  accuracy  levels 
are  presented  in  Figure  83.  Pressure  taps  appropriately  located  in  the  nozzle 
exit  plane  and  in  the  plenum  (mixing)  chamber  upstream  of  the  nozzle  throat 
are  utilized  for  measuring  the  nozzle  static  and  stagnation  pressures,  respective¬ 
ly- 


Gas  flow  rates  are  measured  using  calibrated  (+  1$  accuracy)  criti¬ 
cal  flow  orifice  plates  in  conjunction  with  accuracy  Heise  pressure  gauges 
for  the  upstream  pressure  measurements.  A  mixture  of  79$  dry  nitrogen  and 
21$  oxygen  is  injected  into  the  arc  chamber  where  it  is  thoroughly  mixed  and 
heated  to  provide  uniform  concentration  of  the  oxygen  in  the  three- inch  dia¬ 
meter  test  stream. 

2.4  Comparison  of  Low-Density  Ablator  Performance 

The  heat  flux  levels  chosen  for  the  thermal  test  series  on  the  low-den¬ 
sity  ablators  are  representative  of  levels  which  would  be  encountered  on  the 
major  body  surfaces  of  an  ablative  lifting  re-entry  vehicle.  Heat  fluxes  up 
to  150  Btu/ft  -sec  were  emphasized  because  of  potential  problems  with  recession 
during  peak  heating  near  the  forward  portion  of  the  body.  Air  enthalpy  levels 
ranged  from  8200  Btu/lb  at  the  lowest  heat  flux  to  11,350  Btu/lb  at  the  high¬ 
est  heat  flux.  Model  stagnation  pressures  correspondingly  ranged  between 
0.0030  and  0.0320  atmospheres.  Test  duration  was  typically  600  seconds  at  the 
two  lower  heat  flux  levels  and  somewhat  less  at  higher  heat  fluxes. 

It  is  recognized  that  these  results  are  preliminary  and  do  not  constitute 
an  unqualified  and  final  characterization  of  the  materials  tested.  However, 
the  prime  intent  of  this  test  program  was  to  obtain  additional  data  on  newly- 
developed  candidate  materials  and  to  compare  this  data  with  that  obtained  pre¬ 
viously  on  other  low-density  ablators.  The  front  surface  brightness  temperature 
and  recession  resultB  and  the  back- face  ( 1.0-inch  depth)  temperature  results  are 
considered  valid  and  comparable  in  most  cases.  These  results  furnish  an  initial 
comparison  of  ablation  performance  for  these  materials. 
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An  effective  recession  rate  for  the  thermal  tests  was  calculated  from 
the  length  change  of  the  specimen  and  test  duration.  The  initial  and  final 
length  measurements  were  always  made  at  the  centerline  of  the  specimen,  which 
usually  corresponded  to  the  point  of  maximum  recession.  Many  of  the  low-den¬ 
sity  ablators  exhibited  swelling  characteristics  at  the  lower  heat  flux  level; 
consequently,  data  for  the  models  tested  at  heating  rates  of  60,  9 0 >  120  and 
150  Btu/ft2-sec  are  used  for  comparison  purposes. 

Figure  8k  is  a  bar  grapl  showing  the  recession  rates  calculated  for 
each  of  the  above  four  heat  flux  levels.  Swelling  rates  are  represented  by 
plus  signs;  all  other  data  is  for  length  loss  during  the  test.  In  those  in¬ 
stances  where  more  than  one  model  of  a  material  was  tested  at  identical  heat 
flux  conditions,  the  data  was  averaged  (unless  there  was  obviously  something 
wrong  with  either  the  test  conditions  or  the  model  test  results). 

Of  the  new  candidate  materials  evaluated  under  this  contract  (Douglas 
SMORS-25,  Armstrong  Cork  No.  2755,  and  Boeing  Carborazole  materials),  the 
Douglas  material  exhibited  superior  recession  characteristics.  The  Boeing 
Carborazole  material  ranked  high  in  recession  rate  along  with  a  number  of 
previously- tested  materials,  such  as  the  General  Electric  ESM  1001  and  100k, 
and  McDonnell  S-6  ablators. 

The  front-surface  brightness  temperature  of  each  specimen  was  measured 
using  a  Leeds  and  Northrup  optical  brightness  pyrometer.  In  most  cases,  a 
stabilized  surface  temperature  was  reached  and  maintained  throughout  the  major 
portion  of  the  exposure  period.  This  stabilized  surface  temperature  data  was 
used  for  preparing  the  bar  graphs  presented  in  Figure  85.  The  surface  tempera¬ 
tures  presented  in  this  report  and  in  the  bar  graph  in  Figure  85  have  not  been 
corrected  for  emissivity  values,  but  are  the  apparent  brightness  temperatures 
as  read  directly  with  the  optical  brightness  pyrometer.  The  pyrometer  view  of 
the  ablator  surface  was  at  an  angle  of  30°  to  the  model  stagnation  surface. 

A  0.500-inch  thick  quartz  viewing  port  was  located  in  the  optical  path  between 
the  pyrometer  and  the  model  being  tested;  wavelength  corrections  for  the  quartz 
viewing  port  have  not  teen  applied  to  the  surface  temperatures  presented  in 
this  report. 

The  back- face  temperature  was  measured  using  a  chromel/alumel  thermo¬ 
couple  imbedded  in  the  ablator  material  at  a  depth  of  1.0-inch  from  the  stag¬ 
nation  point  of  the  model;  refer  to  Figures  1  and  2  for  details  of  thermo¬ 
couple  installation.  Although  the  temperature -time  histories  presented  in 
Figures  86  and  87  are  confusing,  it  is  apparent  that  the  Douglas  SMORS-25 
iso-q  model  tests  (using  the  32  lb/ft3  version  of  the  SMORS-25  material) 
resulted  in  superior  performance  in  terms  of  its  greater  insulative  charac- . 
teri.  ics.  The  Armstrong  cork  material  behaved  similarly  to  the  other  low- 
density  ablators  previously  reported  (Ref.  2,  Welsh,  et  al,  1966) . 

The  following  table  has  been  prepared  to  provide  the  reader  with  an 
overall  summary  of  the  low-density  ablators  previously  evaluated  and  the 
three  additional  ablators  considered  under  this  contract. 
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DESIGN  FOR  LOW  DENSITY  ABLATOR  TESTS 
. O-Inch  Diameter  Cylinder 
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Figure  3  --  Armstrong  Cork  #2755  Model  1-1  ^temperature  History 
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MODEL  NO.  1-f 
ARMSTRONG  CORK  #2755 

Enthalpy:  11,350  Btu/lb 
Pressure:  0.0320  atm  „ 

Heat  Rate:  158.1  Btu/ft  -sec 

Jet  Off  at  3^5  Seconds 


!■■■■■■■■■■■■■«■! 


TC  NO.  1 

TC  NO.  2 

TC  NO.  3 

X  =  .25" 

b 

ir\ 

11 

X 

X 

11 

k 

Esins 


iraiHMuni 


^■hhii 

■■■■hmuiih 

BsssBimsiiw 

nmiii 

■himl 

■msiMsgng 

■imansnii 

■I  !■■■  ■■■■!■■ 

■inn  ■■■■is 


««■■■■■■ 

■»■■■■■■ 
«!■■■■■■ 

■■■inn 

II 


TC  NO.  4 
X=  1.00" 


\wmmmfAmwwAmwBZiwwmm\ 

gs:s:=ssiaaiiiin 


TIME  -  SECONDS 

* 

Figure  7  --  Armstrong  Cork  #2755  Model  1-5  Temperature  History 
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Figure  9  --  Photographs  of  Armstrong  Cork  2755 
Model  1-2 
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Figure  10  --  Photographs  of  Armstrong  Cork  27  pp 

Model  1-3 
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Figure  11  —  Riotograpfas  of  Armstrong  Cork  27  b  b 

Model  1-4 
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MODEL  HO.  32019-1 
BOEING  CARBORAZOLE 
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Figure  13  --  Boeing  Carborazcle  Model  32019-1  Temperature  History 
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Figure  15  --  Boeing  Carborazole  Model  32019-2  Temperature  History 
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MODEL  TEMPERATURE 


MODEL  NO.  32019 
BOEING  CARB0RA20LE 

Enthalpy :  10, 510  Btu/lb 

Pressure:  0.0133  atm 
Heat  Flux:  91.2  Btu/ft2-sec 

Jet  Off  at  180  Seconds 
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Figure  l6  --  Boeing  Carborazole  Model  32019-^  Temperature  History 
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Figure  17  --  Boeing  Carborazole  Model  32019-5  Temperature  History 
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Figure  18  —  Boeing  Carborazole  Model  32019-7  Temperature  History 
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Figure  19  —  Boeing  Carborazole  Model  32019-3  Temperature  History- 
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MODEL  NO.  32019-8 
BOEING  CARBORAZOLE 

Enthalpy:  11,510  Btu/lb 
Pressure:  0.0320  atm 
Heat  Flux:  160.9  Btu/ft 

Jet  Off  at  90  Seconds 
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Figure  21  --  Boeing  Carborazole  Model  32019-9  Temperature  History 
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MDDEL  NO.  32019-10 
BOEING  CARBORAZOLE 

Enthalpy:  16,110  Btu/lb 
Pressure :  0.0502  atm 

Heat  Flux:  30^.2  Btu/ft^-eec 

Jet  Off  at  50  Seconds 
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Model  32019-2  -  Post-Exposure 


Model  32019-2  -  Post-Exposure 


»  Figure  2k  --  Photographs  of  Boeing  Carborazole 
I  Model  32019-2 
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Model  32019-3  -  Post -Exposure  Model  32019-3  -  Post-Exposure 


vi cure  25  --  Photographs  of  Boeing  Carhorazole 
*  Model  32019-3 
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Model  32019-4  -  Poet-Exposure  Model  32019-4  -  Post-Expor,ure 


Figure  26  --  Photographs  of  Boeing  Carborazole 

Model  32019-4 
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Model  32019-5  -  Pre-Exposure 


Model  32019-5  -  Post-Exposure  Model  32019-5  -  Post-Exposure 

Figure  2T  --  Photographs  of  Boeing  Carborazole 
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Model  32019-6  -  Pre-Exposure 


Model  32019-6  -  Post-Exposure 


Figure  28  --  Riotographs  of  Boeing  Carborazole 
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Figure  29  --  Photographs  of  Boeing  Carbora-ole 

Model  32019-7 


45 


Model  32019-8  -  Post-Exposure  Model  32019-8  -  Post-Exposure 


Figure  30  --  Photographs  of  Boeing  CarLorazole 

Model  32019-8 
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Model  32019-9  -  Post-Exposure 
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Figure  33  --  Douglas  SMORS-25  Mode]  4a  Temperature  History 
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Figure  3k  --  Douglas  SMORS-25 ^pdel  5A  Temperature  History 
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MODEL  NO.  6A 
DOUGLAS  SMORS-25 

Enthalpy:  9.210  Btu/lb 

Pressure:  0.0071  atm  g 

Heat  Rate:  64.1  Btu/ft  -sec 
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Figure  35  —  Douglas  DM0RS-25  ^del  6A  Temperature  History 
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Figure  40  —  Douglas  SMORS-25  Model  12A  Temperature  History- 
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Figure  k2  --  Douglas  SMORS-25  Model  1AA  Temperature  History- 
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Figure  kh  --  Douglas  SMORS-25  Model  ^AA 
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Figure  60  —  Photographs  of  Douglas  SMORS  Material. 
Models  ^A  and  5A 
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Figure  6l  —  Photographs  of  Douglas  SMORS  Material 
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Figure  65  —  Riotographs  of  Douglas  SMORS  Material 
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Figure  66  —  Riotographs  of  Douglas  SMORS  Material 
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Figure  67  --  Photographs  of  Douglas  SMORS  Material 
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Figure  68  --  Photographs  of  Douglas  SMORS  Material 
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Figure  69  --  Photographs  of  Douglas  SMORS  Material 

Model  6AA 
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Figure  TO  --  Photographs  of  Douglas  SMORS  Material 
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Figure  72  --  Photographs  of  Douglas  SMORS  Material 

Model  3B 


88 


Model  -  Pre-Exposure 


Model  4b  -  Post-Exposure 


Model  4B  -  Post-Exposure 


Figure  73  --  Photographs  of  Douglas  SMORS  Material 
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Model  10B  -  Post-Exposure 
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Photographs  of  Douglas  SMORS  Material 
Model  10B 
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Figure  78  --  Photographs  of  Douglas  3M0RS  Material 
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3.0  HIGH- DENSITY  ABLATOR  PROGRAM 

Lifting  re-entry  vehicles  currently  envisioned  for-  future  mission  appli¬ 
cations  require  the  use  of  relatively  high-density  ablation  materials  in  the 
nose  and  flap  regions  to  limit  the  shape  change  due  to  surface  recession.  The 
ablative  materials  considered  for  this  application  vere  in  the  density  range  from 
85  to  190  lb/ft 3  and\ were  supplied  by  Union  Carbide  Corporation  and  Dow  Corning. 
Materials  supplied  by  these  two  organizations  were  subjected  to  environmental 
heating  conditions  comparable  to  those  at  which  earlier  materials  tests  were  per¬ 
formed  as  reported  in  Ref.  3  (Welsh,  1965) •  Performance  data  from  both  series 
of  test  pjrograms  are  compared' in  this  report. 

3.1  Objectives 

A  survey  of  lifting  re-entry  vehicle  nose  cap  materials  was  performed  by 
Aerospace  Corporation  in  1965  for  the  Air  Force,  in  which  high-density  ablators 
were  tested  under  hyperthermal  environmental  re-entry  conditions  and  evaluated 
in  terms  of  thermal  response,  surface  recession,  etc. .  The  following  materials 
were  considered  in  the  Aerospace  Corporation  program;  detailed  information  is 
presented  in  Ref.  3 (Welsh,  1965). 

Phenolic- Carbon  Fabric  Laminates,  fabric  parallel  to  heated  face 


Fiberite  4500 

Fiberite  1+926  A 

HITCO  EPA  9I+-FM  5011+ 

HITCO  EPA  94-FM  5055 
HITCO  EPA  94-FM  5314 
HITCO  EC  201  CCA  11 
HITCO  SS  1620 
Fiberite  MXC  97 
3M  Pluton  -  Sc  1008 
USP  Pluton  -  5277  BG 

Phenolic-Carbon  Fabric  Laminates,  fabric  20  degrees to  heated  face 

HITCO  EPA  94-FM  5014 
HITCO  EPA  9I+-FM  5055 
HITCO  EPA  94-FM  531*4 
Ironsides  6T9 

Phenolic-Carbon  Fabric  or  Fiber,  Random  Orientation 

U.  S.  Polymeric  EM  50^5  (or  M  5065  FF) 

Martin  PL  (Pluton)  5277  RF  (or  MPL  5277  RP) 

USP  PL  (Pluton)  5277  RF  (or  PL  5277  RF) 

Molded  Powders  and  F&per  Laminates 

ATJ  Graphite  (Standard) 

Super- Temp  STX 

ARP  275  FHX  (parallel) 

ARP  275  FHX  (20°  to  heated  surface) 

ARP  292  FHZ 
ARP  289  XC 
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The  standard  model  configuration  used  in  evaluating  the  above  materials 
was  a  2.0- inch  diameter  flat- face  cylinder,  instrumented  with  three  chromel/ 
alumel  thermocouples  at  the  rear-face  of  the  specimen.  Heat  flux  levels  ( cold- 
wall  values)  of  40,  100  and  140  Btu/ft2-sec  were  imposed  on  the  flat- face  speci¬ 
mens.  The  main  purpose  of  the  tests  was  to  evaluate  the  effects  of  long-dura¬ 
tion  heating  at  low  levels  of  heat  flux  on  the  mechanical  Integrity  of  the 
material  specimens,  since  previous  experience  with  the  above-listed  materials 
had  been  for  much  shorter  times  and  higher  heat  fluxes  than  experienced  in  lift¬ 
ing  re-entry.  A  secondary  purpose  of  this  testing  was  to  obtain  preliminary 
data  on  thermal  response  characteristics  of  these  materials.  A  total  of  58 
model  tests  were  conducted  in  an  arc-heated  wind  tunnel;  a  report  summarizing 
the  test  results  has  been  issued  under  TDR-669( 6240-10) -2  from  Aerospace  Corp¬ 
oration,  El  Segundo,  California. 

The  objectives  of  our  high-density  ablator  program,  performed  under 
this  contract,  were  manifold  in  that  l)  new  high-density  ablators  were  eva¬ 
luated  at  identical  environmental  heat  flux  conditions  as  in  the  earlier 
Aerospace  program,  and  2)  materials  performance  data  was  obtained  at  additional 
heat  flux  values  of  300  and  650  Btu/ft2-sec. 

3.2  Description  of  Materials  Tested 

Six  high-density  materials  were  supplied  by  two  companies;  a  total  of 
32  test  models  were  exposed  to  cold-wall  heating  rates  of  40,  l40,  300  and 
650  Btu/ft2-sec.  The  supplier  and  type  of  material  supplied  were: 

Union  Carbide  Corporation  - 

Grade  HDB  Boron  Nitride  with  an  intermetallic  composite 
of  Titanium  Diboride 

Grade  HDF  Borou  Nitride  with  an  intermetallic  composite 
of  Titanium  Diboride 

Grade  HBN  Boron  Nitride  -  Hot-Pressed  Boron  Nitride 

Grade  HBR  Boron  Nitride  -  Hot-Pressed  Boron  Nitride  with 

improved  moisture  resistance  and 
high-temperature  properties  over 
those  of  Grade  HBN 

Dow  Corning  Corporation  - 

Dow  Corning  93-°02 

Dow  Corning  93-069 

Although  the  model  configuration  used  in  the  Aerospace  test  program  was 
a  2.0-inch  diameter  flat-face  cylinder,  we  chose  to  standardize  on  a  model  of 
2.5-inch  diameter  hemispherical  nose  -  cylinder  configuration.  This  was  done 
to  enable  achievement  of  higher  heat  flux  values  at  the  stagnation  point  of 
650  Btu/ft2-sec.  A  factor  of  approximately  two  is  gained  by  using  a  hemispheri¬ 
cal  nose  tip  rather  than  a  flat- face  nose  (Stoney  and  Markley,  1958,  Ref.  4) 
model.  A  schematic  representation  of  the  standard  high-density  ablator  model 
is  presented  in  Figure  88,  showing  the  location  of  instrumentation  sensors 
and  type  of  thermocouple  wire  used. 


106 


The  test  models  supplied  by  Union  Carbide  Corporation  (free  of  charge) 
were  not  instrumented  since  the  main  intent  of  the  boron  nitride  materials 
evaluation  program  was  to  compare  gross  behavior  and  thermal  shock  and  spalling 
characteristics  exhibited  by  each  of  the  four  grades  of  material.  The  Dow 
Corning  models,  however,  were  fabricated  and  instrumented  by  the  materials 
supplier  (Dow  Corning,  Midland,  Michigan)  in  accordance  with  the  model  design 
presented  in  Figure  88.  All  thermocouples  utilized  on  this  series  of  model 
tests  were  of  chrome l/alumel,  36  gage  wire,  and  were  recorded  on  a  null-balance 
recorder  (Texas  Instruments  ServoRiter  II),  full-scale  accuracy.  Five- 
minute  exposure  periods  were  achieved  at  most  of  the  test  conditions  and  for 
most  of  the  test  models;  somewhat  lower  test  times  were  required  for  the 
higher  heat  flux  conditions.  Surface  temperatures  were  read  manually  using 
a  Leeds  and  Northrup  optical  brightness  pyrometer.  Color  film  coverage  was 
obtained  on  each  model  test  and  has  been  forwarded  to  the  respective  materials 
suppliers. 

3-2.1  Dow  Corning  93-002  and  93-069  Materials 

The  two  high-density  ablator  materials  supplied  by  Dow  Corning  were 
submitted  free  of  charge  for  evaluation  under  this  phase  of  the  contract. 

The  Dow  Corning  93-002  material  represents  a  silicone  material  with  a  high 
level  of  phenyl  substitution.  This  material  has  looked  good  in  high  flux, 
high  shear  ablative  tests  and  recently,  a  renewal  of  interest  in  leading 
edge  protection,  nose  tip  protection,  and  refurbishable  rocket  nozzle  mater¬ 
ials  led  to  the  development  of  Dow  Corning  93-069.  It  is  essentially  a 
specialty  version  of  Dow  Corning  93-002  with  indications  of  having  better 
high  shear,  high  flux  performance  characteristics.  Both  these  materials 
are  readily  castab!.e  or  trowelable  and  cure  at  room  temperature.  These 
characteristics  are  of  interest  to  a  variety  of  aerospace  manufacturers 
and  government  agencies  who  are  looking  for  etaler  ways  to  fabricate  and  re¬ 
furbish  ablative  materials.  Density  levels  of  the  two  materials  are  88.7 
lb/ft3  for  93-002  and  107A  lb/ft3  for  93-069. 

Two  models  of  each  material  were  evaluated  at  each  of  the  four  levels 
of  heat  flux.  Tunnel  calibration  data  obtained  on  each  model  test  is  tabu¬ 
lated  in  Table  9,  including  the  specific  measurements  of  enthalpy,  model  stag¬ 
nation  pressure,  nozzle  stagnation  and  static  pressures,  and  gas  flow  rates. 
Table  10  contains  the  weight  loss  and  recession  rates,  and  the  stabilized  sur¬ 
face  brightness  temperature  readings  for  each  of  the  sixteen  models  tested. 

The  test  data,  in  terms  of  wbight  loss  and  recession  rates,  has  been 
graphed  in'  Figure  89  as  a  function  of  model  stagnation  heat  flux.  It  is 
apparent  from  the  plots  of  both  the  weight  loss  rate  and  the  recession  rate 
that  the  93-069  material  did  perform  in  a  superior  fashion  to  the  93-002 
material.  In  addition,  close  examination  of  the  post-exposure  photographs 
reveals  that  the  93-069  material  did  not  crack  In  depth  or  develop  surface 
cracks  to  the  extent  that  the  93-002  material  experienced. 

Model  surface  brightness  and  internal  and  back-face  temperature-time 
histories  are  presented  graphically  in  Figures  90  through  105.  Pre-  and  post¬ 
exposure  black  and  white  photographs  of  each  model  are  presented  in  Figures 
106  through  119. 
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3*2.2  Union  Carbide  Boron  Nitride  Materials 


Boron  nitride  is  one  of  the  few  available  engineering  materials  that 
is  readily  machinable,  nontoxic,  a  good  conductor  of  heat  and  an  excellent 
electrical  insulator.  The  performance  of  hot  pressed  boron  nitride,  because 
of  its  useful  properties  that  extend  in  some  cases  up  to  about  4200°F,  suggests 
its  evaluation  for  high  temperature  thermal  shock  applications  such  as  heat 
sinks  and  thermal  radiation  shields.  In  particular,  application  of  hot  pressed 
boron  nitride  for  use  in  leading  edges  and  aerodynamic  surfaces  of  hypersonic 
vehicles  is  of  prime  interest. 


The  Carbon  Products  Division  of  Union  Carbide  Corporation  was  contacted 
early  in  our  contract  period  and  were  asked  if  they  would  like  to  submit  candi¬ 
date  boron  nitride  materials  for  evaluation  under  our  high-density  ablator  pro¬ 
gram.  Because  of  the  interest  generated  in  their  material  for  aerospace  appli¬ 
cations,  four  grades  of  boron  nitride  were  submitted,  as  follows: 


Grade  KDB  - 

Grade  HDF  - 

Grade  HBN  - 
Grade  HBR  - 


Boron  Nitride  with  an  intermetallic  composite 
Titanium  Diboride  -  Density  of  187*4  lb/ft3 

Boron  Nitride  with  an  intermetallic  composite 
Titanium  Diboride  -  Density  of  174*9  lb/ft3 

Boron  Nitride  -  Density  of  128.0  lb/ft^ 

Boron  Nitride  -  Density  of  121.8  lb/ft^ 


of 

of 


A  complete  description  of  each  of  the  various  grades  of  boron  nitride  listed 
above  will  not  be  attempted  in  this  report,  however,  this  information  may  be 
obtained  from  Union  Carbide  Corporation  and  Ref.  5  (Fredrickson,  1964). 

Sixteen  models  were  submitted  by  Union  Carbide,  four  of  each  grade  of 
material;  one  model  of  each  material  was  tested  at  the  heat  flux  levels  of 
4o,  l4o,  300  and  650  Btu/ft  -sec.  In  general,  each  model  was  exposed  for  five 
ndtutes  or  until  model  failure  occurred.  Model  failure  was  experienced  by  each 
grade  of  material  at  the  highest  heat  flux  level  of  650  Btu/ft2-sec. 

The  boron  nitride  model  test  data  consisted  of  weight  loss  rates,  re¬ 
cession  rates,  and  surface  brightness  temperatures.  Model  internal  and  back- 
face  temperature- time  histories  were  not  obtained  since  thermocouples  were 
not  installed  on  these  particular  models.  The  tunnel  calibration  data,  de¬ 
fining  the  environmental  test  conditions,  is  summarized  in  Table  11;  model 
test  data  is  tabulated  in  Table  12.  Surface  brightness  temperature  measure¬ 
ments  are  plotted  in  Figures  120  through  123  for  all  models,  with  the  excep¬ 
tion  of  Model  6-4,  which  failed  due  to  thermal  shock  after  a  twelve-second 
exposure  to  the  plasma  stream. 

All  of  the  boron  nitride  models  were  placed  in  an  oven  at  350°F  for 
a  24-hour  period  immediately  prior  to  their  exposure  to  the  hyperthermal  en¬ 
vironment.  This  was  done  to  eliminate  or  minimize  the  water  absorption  which 
results  in  spalling  of  the  model  during  exposure  to  the  heated  plasma  stream. 
At  the  highest  heat  flux  condition  of  650  Btu/ft2_sec,  the  first  model  tested 
was  Model- 6-4,  which  cracked  and' broke  in  three  pieces  during  the  first  five 
seconds  of  exposure.  Consequently,  on  the  remainder  of  the  models  tested  at 
this  highest  heat  flux  condition,  the  models  were  inserted  into  the  stream  at 
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a  lower  heat  flax  condition  and  were  brought  up  to  the  maximum  heat  flux  level 
over  a  period  of  10-15  seconds.  Cracking  of  the  remaining  three  models  due  to 
thermal  shock  was  avoided  using  this  procedure.  (The  surface  cracks  noted  in 
the  table  below  did  not  occur  during  the  initial  exposure  period,  but  gradually 
formed  and  became  more  severe  with  exposure  time). 


The  table  below  summarizes  the  gross  performance  of  the  various  grades 
of  boron  nitride  at  the  four  heat  flux  conditions. 


Grade  of  Material 

Model  Number- 

Heat  Flux 

Remarks 

HDB 

6-1 

40 

No  apparent  deterioration 

KDB 

6-2 

l40 

No  apparent  deterioration 

HDB 

6-3 

300 

Melting  at  stagnation  point 
at  270  secs;  oxidation  at 
stagnation  point. 

HDB 

6-4 

650 

Model  cracked  within  five 
secs  due  to  thermal  shock. 
Oxidation  and  melting  were 
visible  at  stagnation  point. 

HDF 

6-5 

40 

No  apparent  deterioration 

IIDF 

6-6 

140 

Slight  spalling  and  Oxida¬ 
tion. 

HDF 

6-7 

300 

Melting  more  severe  than 

Model  6-3;  oxidation  and 
spalling  present. 

HDF 

6-8 

650 

Severe  spalling,  oxidation, 
and  melting. 

HBN 

6-9 

40 

No  apparent  deterioration 

HBN 

6-io 

140 

Slight  spalling 

HBN 

6-11 

300- 

Slight  melting,  oxidation, 
and  spalling. 

HBN 

6-12 

650 

Uniform  pock-mark  spalling 
over  entire  surface  of  model, 
deep  surface  cracks,  oxidation. 

HBR. 

6-13 

4o 

No  apparent  deterioration 

HBR 

6-14- 

140 

Slight  surface  cracks 

HBR 

6-15 

300 

Slight  melting  more  severely 
than  Model  6-11,  oxidation, 
multiple  surface  cracks. 

HBR 

6-16 

650 

Melting,  oxidation,  deep  sur¬ 
face  cracks,  spalling. 

RANKING  OF  MATERIALS 


Heat  Flux  Level 

Order  of  Performance  from  Best  to  Worst 

40 

All  visibly  equal  in  performance 

140 

All  nearly  equal  in  performance 

300 

HBR  and  HBN  nearly  equal;  HDB,  HDF 

650 

HBR  and  HBN  nearly  equal;  HDF 
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The  ranking  of  the  materials,  presented  in  the  table  on  the  preceding 
page,  was  based  on  both  the  weight  loss  rates  (graphed  in  Figure  124)  and  the 
physical  appearance  of  each  model  after  exposure  (summarized  in  the  photo¬ 
graph  in  Figure  125).  The  plot  of  weight  loss  rate  vs  model  stagnation  heat 
flux  in  Figure  124  is  an  attempt  to  summarize  the  test  data  obtained  for  each 
of  the  four  grades  of  boron  nitride  material.  This,  perhaps,  is  a  questionable 
procedure,  since  a  major  phase  of  the  failure  for  these  types  of  materials  is 
the  surface  degradation  -  spacing;  surface  cracks,  etc.,  which  is  not  truly 
accounted  for  in  the  weight  loss  rate.  Individual  photographs  showing  pre- 
and  post-exposure  appearances  are  presented  in  Figures  126  through  133- 

3. 3  Calibration  of  Test  Conditions 

The  high-density  ablator  test  program  was  performed  in  the  hyperthermal 
plasma  arc  test  facility  (ElectroThermal  Facility)  located  at  Space-General 
Corporation  in  El  Monte,  California.  A  low  pressure/high  enthalpy  plasma  arc 
generator  was  used  in  conjunction  with  a  supersonic  Mach  3  three-inch  exit  dia¬ 
meter  contoured  nozzle  exhausted  into  an  evacuated  test  chamber.  Reconstituted 
air  (79$  nitrogen  and  21$  oxygen)  was  used  as  the  test  medium  to  simulate  the 
re-entry  atmosphere. 

The  test  procedures  used  in  performing  the  evaluation  of  the  candidate 
high-density  ablators  are  the  same  as  those  described  on  Pages  12  through  14  of 
this  report,  including  the  calibration  measurement  procedures.  The  selected 
test  conditions  for  this  phase  -of  the  program  are  defined  by: 


Test  Condition 

Gas  Stagnation 
Enthalpy 
(Btu/lb) 

Model  Stagnation 
Pressure 
(atm) 

Model  Heat 
Flux 

(Btu/ft2-sec) 

1 

6,800 

0.0022 

40 

2 

10,000 

0.0094 

140 

3 

12,000 

0.0243 

300 

4 

13,100 

0.1250 

65O 

Model  stagnation  pressure  was  measured  with  our  facility  water-cooled 
pitot  probe.  Radial  surveys  of  the  stagnation  pressure  were  made  at  radii  of 
0.25,  0.50,  0.75,  1.00,  1.25  and  1.50  inches;  pressure  surveys  obtained  at  each 
of  the  four  heat  flux  levels  are  plotted  in  Figure  134.  Excellent  distribu¬ 
tions  of  pressure  were  observed  at  each  of  the  four  test  conditions;  there  was 
no  apps.renu  evidence  of  either  ’hot  cores'  or  shock-wave  interference  with 
the  model  surface. 

Model  stagnation  radial  heat  flux  surveys  were  obtained  using  a  2.5-inch 
diameter  hemispherical  model  ( geometrically- similar  to  the  test  models)  instru¬ 
mented  with  an  asymptotic  calorimeter  located  at  the  stagnation  point.  These 
heat  flux  profil.es,  presented  in  Figure  135,  show  excellent  uniformity  of  the 
heat  flux  distribution  across  the  three- inch  diameter  test  stream. 
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3-4  Comparison  of  High-Density  Ablator  Performance 

Relatively  high-density  ablation  materials  for  lifting  re-entry  vehicles 
are  of  particular  interest,  especially  where  a  minimum  shape  change  due  to  sur¬ 
face  recession  is  required,  as  on  aerodynamic  control  surfaces.  The  heat,  flux 
levels  chosen  for  the  thermal  tests  on  the  high-density  ablators  are  represen-, 
tative  of  those  conditions  which  wouM  be  encountered  by  lifting  re-entry  ve¬ 
hicles.  Heat  fluxes  up  to  65 0  Btu/ft.  -sec  were  attained  to  obtain  data  on  the 
mechanical  integrity  and  thermal  response  characteristics  of  the  materia],  speci¬ 
mens.  Air  enthalpy  levels  ranged  from  6,800  Btu/lb  at  the  lowest  heat  flux  of 
40  Btu/ft^-sec  to  13,100  Btu/lb  at  the  highest  heat  flux.  'Model  stagnation 
pressures  correspondingly  ranged  between  0.0022  and  0.1250  atmospheres.  Test 
duration  was,  in  general,  of  five  minute  duration  except  at  the  highest  heat 
flux  level  where  thermal  degradation  of  the  material  samples  necessitated 
shorter  run  times. 

A  ranking  of  the  mate rials  evaluated  under  this  contract  with  those 
evaluated  under  the  Aerospace  program  has  been  done  for  heat  flux  levels  of 
bo  and  l40  Btu/ft*-- sec.  The  two  higher  heat  flux  levels  of  300  and  65 0  Btu/ 
ft^-sec  were  not  used  in  the  Aerospace  program  and  consequently  only  the  Dow 
Corning  materials  and  the  boron  nitride  materials  are  compared  at  these  two 
higher  heating  rate  conditions. 

Front  surface  recession  rates,  defined  by  the  total  change  in  length 
as  measured  at  the  stagnation  point  (on  the  centerline)  of  the  model  and  di¬ 
vided  by  the  total  exposure  time,  are  plotted  in  Figures  136  and  13T-  The 
Dow  Corning  materials  possessed  expansion  (caused  by  swelling)  l-ates  instead 
of  recession  rates  at  the  two  lower  heat  flux  levels,  and  consequently  they 
do  not  appear  on  the  bar  graph  in  Figure  136.  Most  of  the  boron  nitride  mo¬ 
dels  at  these  two  lowest  heat  flux  conditions  also  did  not  show  appreciable 
recession  and  hence  are  not  shown  on  the  recession  rate  graph.  It  is  readi¬ 
ly  apparent  that  the  boron  nitride  materials  are  not  subject  to  deteriora¬ 
tion  at  heat  flux  levels  under  approximately  150  Btu/ft2-sec.  At  the  higher 
heat  flux  levels  in  excess  of  300  and  up 'to  approximately  700  Btu/ft2_sec, 
the  Dow  Corning  ablators  show  significant  recession,  with  the  improved  material 
(93-069)  performing  superior  to  the  93-002  material,  (refer  to  Figure  137). 

The  front  surface  brightness  temperature  of  each  specimen  was  mea¬ 
sured  using  a  Leeds  and  Northrup  optical  brightness  pyrometer.  In  most  cases, 
a  stabilized  surface  temperature  was  reached  and  maintained  throughout  a 
major  portion  of  each  exposure  period.  This  stabilized  surface  temperature 
data  was  used  fer  preparing  the  bar  graphs  presented  in  Figures  138  and  139* 

The  surface  temperatures  plotted  are  apparent  brightness  temperatures,  un¬ 
corrected  for  emissivity  values  of  each  material. 

A  comparison  of  back- face  temperatures  were  made  in  Figures  l40  and 
l4l  using  the  Dow  Corning  93-002  and  93-0 69  data  and  that  data  provided  by 
the  Aerospace  Corporation  program.  The  boron  nitride  models  were  not  instru¬ 
mented  with  thermocouples;  consequently,  back-face  temperature  data  is  not 
available  on  those  materials.  There  appears  to  be  some  indication  from  the 
temperature -time  plots  in  Figures  l40  and  l4l  that  the  -Dow  Corning  93-002 
material  has  a  lower  thermal  conductivity  than  the  93-069  ablator.  In  fact, 
the  93-002  material  ranked  very  closely  to  the  performance  of  the  275  PHX 
molded  laminate. 
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The  following  table  has  been  prepared  to  provide  the  reader  with  an 
overall  summary  of  the  high-density  ablators  evaluated  under  this  contract 
and  the  other  ablators  evaluated  in  the  Aerospace  Corporation  test  program 
used  for  comparison  with  the  boron  nitride  and  Dow  Corning  materials. 


TABLE  13 

SUMMARY  OF  HIGH- DENSITY  ABLATORS  EVALUATED 


Material  Designation 

Density  of  Virgin  Material 

(lb/ft3) 

Description  of  Material 

Fiber ite  4500 

88.7 

Phenolic- carbon  fabric 

laminate,  fabric  parallel 

to  heated  face 

Fiberite  4926 

90.0 

HITCO  EPA  94-FM  5014 

89.7 

HITCO  EPA  94-FM  5055A 

92.3 

HITCO  EPA  94-FM  5314 

89.9 

HITCO  EC  201  CCA  11 

92.7 

HITCO  SS  1620 

91.9 

Fiberite  MXC  97 

109-5 

3M  Pluto n  -  SC  1008 

91.6 

USP  Pluton  -  5277  BG 

92.8 

1 

HITCO  EPA  94-FM  5014 

89-3 

Phenolic-carbon  fabric 

laminate,  fabric  20  deg 

to  heated  face 

HITCO  EPA  9^-FM  5055A 

89.7 

HITCO  EPA  94-FM  5314 

92.2 

Ironsides  6T9 

92.0 

1 

f 

USP  FM  5065 (M  5065  RF) 

90.8 

Phenolic-carbon  fabric 

or  fiber,  random  orien- 

taticn 

Martin  PL  5277  RF(MPL  5277  RF)  91-9 

J 

USP  PL  5277  RF  (PL  5277 

RF)  91-3 

1 

ATJ  Graphite 

109-5 

Molded  powders  and  paper 

laminates 

Super- Temp  STX 

111.3 

ARP  275  PHX( parallel) 

97-8 

ARP  275  PHX  (20  deg) 

102.7 

Boron  Nitride 

Grade  HDB 

187.4 

Grade  HDF 

174.9 

Grade  HBN 

128.0 

Grade  HBR 

121.8 

Dow  Corning 

93-002 

88.7 

93-069 

107.4 
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STANDARD  MODEL  DESIGN  FOR  HIG'T  DENSITY  ABLATOR  TESTS 
2.5-Inch  Diameter  Hemisphere  Cylinder 


Figure  88  --  Standard  Model  Design  for  High  Density  Ablator  Tests 


Recession  Rate 
Weight  Loss  Rate 


MODEL 


Figure  90  --  Dow  Corning  93-002,  Model  6-26  Tenperature  History 
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MODEL  TEMFERATURE 


MODEL  NO.  6-27 
DOW  CORNING  93-002 

Enthalpy:  6,885  Btu/lb 
Pressure:  0.00222  atnig 
Heat  Flux:  14-1.8  Btu/ft  -sec 

Jet  Off  at  300  Seconds 


mm 


mssust 


TC  NO.  1 

X  =  .25" 


TC  NO.  2,  X  =  .50" 

_ 1111 _ 

TC  NO.  3,  X  «  .7?" 
TC  NO.  b,  X  «  1.00" 


TIME  -  SECONDS 


Figure  91  --  Dow  Corning  93-002  Model  6- 27  Temperature  History 


MODEL 


Figure  92  --  Dow  Coming  93-069,  Model  6-28  Temperature  history 
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MODEL 


Figure  93  —  Low  Corning  93-069,  Model  6-29  Temperature  History 
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MODEL  NO.  6-31 
DOW  CORNING  93-002 

36°°  “  Enthalpy:  10,050  Btu/lb 
Pressure:  0.00944  atm  ~ 

3^00  -  Heat  Flux:  li;3*9  Btu/ft  -sec 
Jet  Off  at  300  Seconds 
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Model  6-31  Temperature  History 
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Figure  96  Dow  Corning  93-069,  Model  6-3Z2  Temperature  History 
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MODEL  TEMPERATURE 


MODEL  NO.  6-36 
DOW  CODITUJG  93-069 

Enthalpy :  12, 180  Btu/lb 

Pressure:  0.0248  atm  ^ 

Heat  Flux:  310.1  Btu/ft  -oee 
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Figure  102  --  Dow  Corning  93-002,  Model  6-38  Temperature  History 


MODEL  TEMPERATURE 


MODEL  NO.  6-40 


DOW  CORNING  93-069 


Enthalpy:  13>3°5  Btu/lb 


Jet  Off  at  l80  Seconds 
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Figure  104  —  Dow  Corning  93-069,  Model  6-40  Temperature  History 


Figure  105  --  Dow  Corning  93"069,  Model  6-41  Temperature  History 


Model  6-26  - 


Model  6-2 6  -  Post-Exposure 


Figure  106  --  Photographs 


Model  6-27  -  Pro- Exposure 


Model  6-27  -  Post-Exposure 


Model  6-27  -  Post-Exposure 


Figure  107  --  Photographs  of  Dow  Corning  93-002  Material 
I Model  6-27 
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Model  6-28 


Model  6-28  -  Post-Exposure 


Figure  108  —  Photographs 


Pre-Exposure 


Model  6-28  -  Post-ExpoBure 


Dow  Corning  93-069  Material 
Model  6-28 


Model  6-30  -  Pre-Exposure 


Model  6-30  -  Post-Exposure  Model  6-30  -  Post-Exposure 


Figure  110  —  Riotographs  of  Dow  Corning  93-002  Material 

Model  6-30 
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Model  6-31  -  Pre-Exposure 


Model  6-31  -  Post-Exposure 


Model  6-31  - 


Figure  111  --  Riotographs  of  Dow  Corning  93-002 
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Model  6-33  -  Pre-Exposure 
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Model  6-33  -  Post-ExpoBure  Model  6-33  -  Poet-Exposure 

Figure  113  --  Biotogruphu  of  Dow  Corning  '>  J-069  Material 

Model  u-jj 


Model  6-37  -  Pre-Exposure 


Model  6-37  -  Post-Exposure  Model  6-37  -  Post-Expoeur 

Figure  lib  --  EliGtographu  of  Dow  Corning  93-^69  Material 

Model  6-37 


Model  6-38  -  Pre-Exposure 


Model  6-38  -  Post-Exposure  Model  6-38  -  Post-Exposure 

Figure  ll6  --  Photographs  of  Dow  Corning  93-002  Material 

Model  6-38  1  ' 
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Model  6-39  -  Pre-Exposure 


Model  6-39  -  Post-Exposure 


Model  6-39  -  Post-Exposure 


Figure  117  —  Photographs  of  Dow  Corning  93-002  Material 

Model  6-39 
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Figure  ll8  —  Photographs  of  Dow  Corning  93-069  Material 

Model  6-1+0 
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Model  6-41  -  Pre-Exposure 


Model  6-4l  -  Post-Exposure 


Model  6-4 1  -  Post- Exposure 


Fieure  119  —  Riotographs  of  Dow  Corning  93-069  Material 

Model  6-41 
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Figure  120  —  Boron  Nitride  -  Grade  HDB  -  Surface  Temperatures 
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Figure  121  --  Boron  Nitride  -  Grade  HDF  -  Surface  Temperatures 
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Figure  123  —  Boron  Nitride  -  Grade  HER 


Surface  Temperatures 


Figure  124  --  Weight  Loss  Rates  for  Boron  Nitride  Materials 
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Figure  12^  --  Hiotoizrauhs  of  Boron  Nitride  Models 
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Model  6-2  -  Pre-  and  Post- Exposure 

Figure  126  --  Photographs  of  Boron  Nitride  Materials  -  Models  6-1  and  6-2 
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Modal  6-3  -  Pre-  and  Post-Exposure 


Model  6-1+  -  Pre-  and  Post-Exposure 


Figure  127  —  Photographs  of  Boron  Nitride  Materials  -  Models  6-3  and  6-k 
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Model  6-15  -  Pre-  and  Post-Exposure 


Model  6-16  -  Pre-  a^d  Post-Exposure 


Figure  133  —  Photographs  of  Boron  Nitride  Materials  -  Models  6-15  and  6-16 
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MOU.L  COLD  WALL  HEAT  FLUX  -  BTU/FT - 5 EC 
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FRONT  SURFACE  RECESSION  RATE 


k  Change  in 

s  =  Centerline  Length 

A  t  Total  Test  Time 


Figure  137  Comparison  of  Recession  Rates  for  High  Density  Ablators 
at  Heat  Rates  of  300  and  650  Btu/ft2-sec 
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Figure  139  --  Comparison  of  Surface  Temperature  for  High  Density  Ablators 
at  Heat  Rates  or  300  and  650  Btu/ft^-sec 
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BACK  PACE 


4.0 


SPECIAL  CLASS  LOW- DENSITY  ABLATOR  PROGRAM 

Arrangements  were  made  early  in  the  summer  of  1966  with  technical 
representatives  of  Lockheed  Missiles  and  Space  Company,  to  perform  thermal 
arc  screening  tests  on  a  number  of  candidate  ablators  for  Lockheed's  ENCAP 
program  being  conducted  under  their  contract  with  the  Air  Force  -  AF  33(615)- 
3627 •  Testing  was  performed  at  Space-General  Corporation  in  August  1966  on 
26  candidate  reinforced  silicone  resin  composite  ablators,  ranging  in  density 
from  approximately  20  to  4-5  lb/ft3.  A  detailed  test  report  has  been  submitted 
under  separate  cover  to  Lockheed  Missiles  and  Space  Company  under  Space-General 
Corporation's  report  number  SGC  1045R-3A1,  September  1966. 

4.1  Objectives 

The  objective  of  this  program  was  to  screen  several  ablative  materials 
to  determine  their  relative  resistance  to  erosion  and  char  spallation  when  sub¬ 
jected  to  severe  aerodynamic  heating.  The  candidate  materials  were  evaluated 
at  two  simulated  re-entry  conditions  defined  primarily  by  model  heating  rates 
of  25  and  45  Btu/ft2-sec. 

4.2  Description  of  Models  Tested 

All  of  the  materials  evaluated  under  this  program  fall  under  the  general 
heading  of  low-density  reinforced  silicone  resin  composite  ablators.  However, 
within  each  specific  composite  various  density  levels  were  investigated.  This 
may  best  be  seen  in  the  following  table  summarizing  the  materials  and  their  in¬ 
dividual  virgin  (unexposed)  material  densities. 


Summary  of  Lockheed  ENCAP  Ablators 


Model  Designation 

Virgin  Material  Density 
( lb/ft 3) 

Type  of  Ablator 

1AX 

28.0 

Reinforced 

Silicone  Resin 

2AX 

28.6 

Composite 

3AX 

22.6 

4AX 

25.1 

6ax 

30.3 

7AX 

30.8 

SAX 

30.5 

9AX 

32.1 

f 

10AX 

31.8 

1GX 

22.9 

Reinforced  Silicone  Resin 

2GX 

24.9 

Composite 

3GX 

25.2 

4gx 

25.6 

5GX 

2  i.6 

7GX 

29.8 

8GX 

29.4 

9GX 

32.2 

> 

10GX 

29.2 

V 

’ 
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Summary  of  Lockheed  ENCAP  Ablators 
(Continued) 


Model  Designation 

Virgin  Material  Density 
(lb/ft3) 

Type  of  Ablator 

12AY 

39-8 

Reinforced  Silicone  Resin 

13AY 

40.4 

Composite 

14AY 

39.5 

| 

15AY 

39-7 

T 

11GY 

44.0 

Reinforced  Silicone  Resin 

13GY 

44.5 

Composite 

i4gy 

42.0 

I 

15GY 

4o.i 

1 

The  test  models  consisted  of  flat  panels  2.00-inches  by  2.25-inches  by 
0.48- inches,  as  sketched  in  Figure  142.  These  panels  were  inserted  into  a  water- 
cooled  20°  half-angle  blunt-nosed  wedge  with  a  nose  radius  of  0.250  inches. 

Both  sides  of  the  wedge  were  utilized,  thus  enabling  the  exposure  of  two  test 
panels  per  run.  All  of  the  test  panels  were  instrumented  with  chromel/alumel 
thermocouples  at  the  back- face  and  a  number  of  them  with  a  chromel/alumel  thermo¬ 
couple  positioned  in  depth  within  the  test  panel. 

Routine  calibration  data  is  presented  in  detail  in  Table  l4  with  measure¬ 
ments  of  gas  stagnation  enthalpy,  model  stagnation  pressure,  nozzle  stagnation 
and  static  pressures,  and  gas  flow  rates  tabulated  for  each  set  of  model  runs. 
Detailed  model  heat  flux  measurements,  which  are  described  in  the  following  sec¬ 
tion,  are  tabulated  in  Table  15 •  Ablation  profile  measurements,  presented  in 
Table  l6,  are  for  three  'x'  distances  from  the  leading  edge  of  the  test  panel 
of  0.370,  0.910  and  1.435  inches.  In  most  cases,  the  test  material  exhibited 
swelling  (expansion)  characteristics  as  designated  by  the  plus  sign  in  front  of 
the  measurements;  negative  signs  designate  recession  measurements. 

The  model  back-face  and  in-depth  thermocouples  were  continuously  record¬ 
ed  on  Texas  Instruments  ServoRiter  II  null-balance  recorders,  if'  .ccuracy.  Ex¬ 
posure  times  were  monitored  on  the  basis  of  achievement  of  a  bacx-face  tempera¬ 
ture  of  500°F.  Temperature- time  histories  of  the  thermocouples  are  graphed  in 
Figures  143  through  155;  model  surface  temperatures  measured  with  a  Leeds  and 
Northrup  manual  optical  brightness  pyrometer  are  also  included  on  the  temperature 
graphs. 


Pre-  and  post-exposure  black  and  white  test  panel  photographs  were  ob¬ 
tained  using  a  Kalimar  reflex  camera.  These  photographs  are  shown  in  Figures 
156  through  l68. 

4.3  Calibration  of  Test  Conditions 

Two  hyperthermal  test  conditions  were  used  for  evaluation  of  the  26  can¬ 
didate  ablators.  These  conditions  are  detined  by: 
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Test  Point  No.l 


Test  Point  No.  2 


Gas  Stagnation  Enthalpy 
Model  Stagnation  Pressure 
Model  Heat  Flux 


10,500  Btu/lb 
0.044l  atms. 

45  Btu/ft2  -sec 


10,900  Btu/lb 
0.0133  atms. 

25  Btu/ft2-  sec 


The  calibration  procedures  used  in  performing  the  evaluation  of  the  Lock¬ 
heed  ablators  are  identical  to  those  described  in  earlier  sections  of  this  re¬ 
port,  and  will  not  be  repeated  here.  However,  additional  calibration  of  the  test 
conditions  were  required  in  view  of  the  different  model  configuration  which  re¬ 
sulted  in  significantly  different  heat  flux  measurements  than  would  have  been 
experienced  by  either  a  flat-face  or  hemispherical-nose  model. 

Calibration  models  were  provided  by  Lockheed  which  were  identical  in  size 
and  shape  to  the  water-cooled  wedge/test  panel  models  and  which  were  instrumen¬ 
ted  with  a  Hy-Cal  Asymptotic  calorimeter.  Twelve  calibration  runs  were  made, 
six  at  Test  Point  No.  1  and  six  at  Test  Point  No.  2;  the  heat  flux  measurements 
obtained  are  tabulated  in  Table  15.  Both  sides  of  the  wedge  were  checked  for 
heat  flux  both  prior  to  and  immediately  after  the  series  of  model  tests  au  each 
of  the  test  points.  Distribution  of  the  heat  flux  was  measured  to  be  within 
+  5  #  between  Opposite  sides  of  the  wedge,  indicating  that  the  wedge  was  very 
well  centered  in  the  stream.  The  repeatability  of  the  heat  flux  before  and  af¬ 
ter  each  series  of  model  tests  was  within  +  2  #  '.  Since  many  of  the  models  ex¬ 
panded  and  raised  from  the  'surface  of  the  wedge  in  which  the  test  panel  was  held, 
simulated  conditions  were  achieved  by  installing  the  calorimeter  into  the  wedge 
holder  in  a  position  raised  approximately  3/ 32-inch.  At  Test  Point  No.  1,  the 
'raised  calorimeter'  readings  were  generally  higher  on  both  sides  of  the  wedge 
than  in  the  unraised  position.  However,  at  Test  Point  No.  2,  just  the  reverse 
was  true  with  the  'raised  calorimeter'  readings  indicating  a  lower  heat  flux 
than  in  the  unraised  position.  Nevertheless,  the  maximum  deviation  caused  by 
the  forced  re-positioning  of  the  calorimeter  did  not  vary  more  than  +  16 #. 

The  two  test  conditions  achieved  in  this  program  were  attained  by  a 
low  pressure/high  enthalpy  plasma  arc  generator  and  a  supersonic  Mach  3  con¬ 
toured  nozzle,  three  inches  in  exit  diameter.  Simulated  air  consisting  of 
79#  nitrogen  and  21#  oxygen  was  used  as  the  test  medium. 
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distance  measured  from  front  edge  of  test  panel. 


Lockheed  ENCAP  Test  Models 


MODEL 


Figure  1U3  —  EKCAP  Models  1AX  and  2AX  Temperature  History 
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Figure  144  --  ENCAP  Models  1GX  and  2GX  Temperature  History 
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MODEL 


MODEL  1?\Y  -  North  Side 
MODEL  12AY  -  South  Side 
ENCAP  ABLATIVE  MATERIAL 

Enthalpy:  10,^90  Btu/lb 
Pressure :  0.0kh2  atnu 

Heat  Flux:  k3-  Btu/ft  -sec 
Jet  Off  at  lM+  Seconds 
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Figure  1^7  —  ENCAP  Models  12AY  and  13AY  Temperature  History 


Figure  148  —  ENCAP  Models  11GY  and  13GY  Temperature  History 


MODEL 


Figure  149  --  ENCAP  Models  3AX  and  4 AX  Temperature  History 
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Figure  150  —  ENCAP  Models  3GX  and  hGX  Temperature  History 
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MODEL  ?AX  -  North  Side 
MODEL  8AX  -  South  Side 
ENCAP  ABLATIVE  MATERIAL 

Enthalpy :  10, 860  Btu/lb 

Pressure:  0.0134  atm  2 
Heat  Flux:  ~'25  Btu/ft  -sec 
Jet  Off  at  229  Seconds 
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Figure  151  —  ENCAP  Models  8AX  and  9 AX  Temperature  History 
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Figure  153  —  ENCAP  Models  l^AY  and  15AY  Temperature  History 


Model  1AX  -  Post- Exposure 


Model  2AX  -  Pre -Exposure 


Model  2AX  -  Post-Exposure 


Figure  156  _  Photographs  of  Lockheed  ENCAP  Materials 

Models  1AX  and  2AX 
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Model  7GX  -  Pre-  and  Post-Exposure 


Model  8GX  -  Post-Exposure 


Figure  159  —  Riotographs  of  Lockheed  ENCAP  Materials 

Models  7GX  and  3GX 
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Model  9 AX  -  Pre-  and  Post-Exposure 


Model  8AX  -  Pre-  and  Post-Exposure 


Figure  l64  —  Photographs  of  Lockheed  ENCAP  Materials 

Models  9 AX  and  8AX 
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Figure  166  —  Photographs  of  Lockheed  ENCAP  Materials 

Models  15AY  and  l4AY 
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Model  l^GY  -  Pre-  and  Post-Exposures 


Fieure  l6T  --  Riotographs  of  Lockheed  ENCAP  Materials 
*  Models  15GY  and  lUGY 
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5.0  COATED  REFRACTORY  METAL  PROGRAM 

The  High  Temperature  Composites  Laboratory,  Chemical  and  Metallurgical 
Division  of  Sylvania  Electric  Products,  Inc.,  under  an  Air  Force  Materials 
Laboratory  contract,  Ho.  AF  33(6l5)-5036,  has  been  concerned  with  the  develop¬ 
ment  of  reproducible,  reliable,  refractory  coatings  for  the  protection  of  high- 
strength  tantalum-base  alloys  from  oxidation  in  severe  aerospace  or  propulsion 
environments.  These  environments  range  in  temperature  from  less  than  2000°F 
to  greater  than  3500°F  and  in  pressure  from  0.01  tor r  to  several  atmospheres. 

In  view  of  the  applicability  of  our  Air  Force  materials  evaluation  contract  to 
their  developmental  efforts,  a  test  program  was  jointly  formulated  for  evalu¬ 
ating  Sylvania !s  R512A  and  R512E  coatings. 

5-1  Objectives 

Plasma-arc  oxidation  tests  were  performed  on  Sylvania 's  R512A  (Si-20Cr- 
5Ti)  and  R512E  ( Si-20Cr-20Fe)  coatings  under  low  pressure  and  high  temperature 
test  conditions.  The  resistance  of  the  coatings  to  oxidation,  effect  of  alter¬ 
nate  exposure  to  a  high  temperature  oxidizing  environment,  and  the  failure  tem¬ 
perature,  were  investigated  for  each  of  the  two  coatings.  The  test  conditions 
utilized  in  the  evaluation  of  the  Sylvania  R512  coatings  established  the  behav¬ 
ior  patterns  under  re-entry  type  environments,  i.e.,  low  pressure  and  relatively 
high  temperature  air  flow. 

5.2  Description  of  Test  Program 

Ten  models,  constructed  of  columbium  alloy  'leading  edge'  samples  coated 
with  fused  silicide  coatings  by  Sylvania  Electric  Products,  Inc.,  were  evalua¬ 
ted  in  the  low  pressure/high  enthalpy  plasma  arc  facility.  A  Mach  3,  three- inch 
exit  diameter  contoured  nozzle  was  used  to  provide  supersonic  flow,  simulating 
an  air  environment.  The  coatings  evaluated  were:  R512A  comprised  of  Si-20Cr- 
5Ti;  R512E  comprised  of  Si-20Cr-20Fe.  The  coatings  were  applied  to  the  colum¬ 
bium  alloy  sheets  by  Sylvania  using  a  spraying  process;  the  leading  edge  models 
were  exposed  to  the  high- temperature  plasma  stream  with  the  external  curved  sur¬ 
face  exposed  to  the  hot  side. 

Calibration  data  for  each  of  the  ter.  model  tests  is  presented  in  Table  17; 
model  test  data  including  surface  temperature  measurements  and  observations  of 
the  coating  behavior,  are  presented  in  Table  18.  Coating  R512E  was  the  first 
eval* ated;  the  initial  two  models  tested  (Models  3-3  and  3_,0  were  exposed  tc  a 
steadily- increasing  temperature  until  melting  of  the  coating  was  observed.  r>r 
both  models,  the  apparent  melting  temperature  was  3210°F.  The  third  model  (Mo¬ 
del  3-5  was  then  exposed  to  2600°F  for  four  15-minute  cycles;  the  fourth  model 
(Model  3-6)  was  exposed  to  2700°F  for  four  15-minute  cycles.  The  fifth  model  was 
subjected  to  2800°F,  but  withstood  only  three  complete  15-minute  cycles;  melting 
was  first  observed  in  the  fourth  cycle  at  5^0  seconds  (refer  to  Table  18  for  ex¬ 
act  details).  During  exposure  to  the  heated  environment,  the  model  was  in  an 
evacuated  environment,  between  cycles  the  model,  was  exposed  to  standard  tempera- 
tur  .'  and  pressure  conditions  (80PF  and  1  atmosphere).  Surface  temperature  his¬ 
tories  obtained  with  a  Leeds  and  Northrup  optical  brightness  pyrometer  for  the 
R512A  coatings  are  plotted  in  Figures  169  through  173* 
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The  R512A  coated  models  were  subjected  to  the  same  ordeal  of  testing  as 
the  R512E  models.  The  initial  model  (Model  3-8)  was  exposed  to  a  steadily  in¬ 
creasing  temperature  until  melting  occurred,  which  appeared  to  be  at  3100°F. 
The  second  and  third  models  were  tested  at  2600  and  2T00°F,  respectively,  for 
four  15-minute  cycles  each,  as  in  the  R512E  model,  tests.  The  fourth  model, 
Model  3-11,  was  subjected  to  2800  Fj  however,  melting  of  the  coating  occurred 
during  the  third  cycle,  as  compared  to  failure  in  the  fourth  cycle  for  the 
R512E  coating.  The  fifth  and  final  model  was  to  be  evaluated  at  3000°F  sur¬ 
face  temperature^  however,  immediate  failure  (apparent  melting)  occurred  as 
soon  as  the  3000  F  level  was  attained.  Several  attempts  were  made  to  slowly 
attain  3000  F,  but  each  time  the  coating  appeared  to  melt  and  the  surface  tem¬ 
perature  would  rapidly  increase,  at  which  time  the  plasma  arc  power  would  be 
decreased  to  lower  the  temperature  below  the  melting  point.  Surface  tem¬ 
perature  histories  for  the  R512A  coatings  are  presented  in  Figures  1J4  through 
178. 


Post-test  me tallo graphic  examination  of  the  coatings  has  been  performed 
by  Sylvania  personnel  and  their  findings  will  be  reported  under  their  Air  Force 
contracts.  Gross  physical  appearance  of  each  of  the  tested  models  is  visible 
in  the  photographs  in  Figures  179  through  185,  showing  pre-  and  post-exposure 
views.  The  gross  differences  in  surface  texture  of  adjacent  striped  areas  of 
the  R512A  coated  specimens  (visible  in  the  pre-exposure  photographs)  is  apparent¬ 
ly  related  to  some  subtle  nonuniformities  in  the  chromium  -752  alloy. 

Visual  comparisons  of  the  two  coatings,  displayed  in  Figure  179,  would 
lead  one  to  believe  that  the  R512A  coating  was  superior  to  the  R512E.  How¬ 
ever,  until  the  post-test  examinations  are  completed,  this  can  be  considered 
as  an  unqualified  opinion  only,  based  only  on  melting  characteristics  of  the 
two  coatings. 
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APPARENT  SURFACE  BRIGHTNESS  TEMPEMTURI 
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Figure  .170  --  Sylvania  R512E  Coating  -  Model  3-4  Surface  Temp.  History 


APPARENT  SURFACE  BRIGHTNESS 


APFABKM1  SURFACE  BRIGHTNESS  TEMPERATl 


Apparent  melting  of  coating  at  5^0  secs,  during  4th  Cycle 
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Figure  173  —  Sylvania  P512E  Coating  -  Model  3*7  Surface  Temp.  History 


TIME  SECONDS 


Figure  17^  --  Sylvania  R'512A  Coating  -  Model  3-8  Surface  Tepp.  History 
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APPARENT  SURFACE  BRIGHTNESS  TEMPERATURE 


Figure  175  -  Sylvan! a  R512A  Coating  -  Model  3-9  Surface  Temp.  History 


apparent  surface  brightness 


Figure  176  -  Sylvanla  R512A  Coating  -  Model  3-10  Surface  Temp.  History 


SURFACE  BRIGHTNESS 


Model  3-1  -  Inconel-X  Control  Model  Before  and  After  Exposure 


Model  3- 


-  Pre-  and  Post-Exposure 


180  --  Hiotographs  of  Inconel-X  Control  Model  and  Sylvania  R512E  Model  -3-3 


Model  3-4  -  Pre-  and  Post-Exposure 


Model  3-5  -  Pre-  and  Post-Exposure 

Figure  l8l  —  Hiotographs  of  Sylvania  R512E  Coatings 

Models  3-4  and  3-5 
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Model  3-10  -  Pre-  and  Post-Exposure 


Model  3-H  -  Pre-  and  Post-Exposure 

Figu.'e  184  --  Riotographs  of  Sylvania’s  R512A  Coating 

Models  3-10  and  3-11 
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Model  3-12  -  Pre-  and  Post-Exposure 


Figure  185  —  Ifaotogmpbs  of  Syivania '  s  R512A  Coating 

Model  3-12 


6.0  CARBON  COMPOSITES  AND  GRAPHITIC  MATERIALS  PROGRAM 


The  suitability  of  graphitic  and  carbon  composites  for  frontal  or 
leading  edge  components  of  re-entry  vehicles  has  brought  about  a  strong  in¬ 
terest  in  the  performance  of  many  of  the  recently-developed  'high-purity' 
forms  of  graphitic  materials  and  carbon  cloths.  In  order  to  assess  the  im¬ 
proved  versions  of  the  graphitic  .materials  and  carbon  cloths  in  their  puri¬ 
fied  state,  as  compared  to  their  commercial  grades,  and  to  compare  similar 
materials  provided  by  a  number  of  different  companies,  a  test  program  was 
formulated  in  which  eight  classes  of  materials  were  evaluated  at  both  high 
pressure  (in  excess  of  one  atmosphere)  and  low  pressure  (below  one  atmos¬ 
phere)  conditions. 

6.1  Objectives 

The  primary  objective  of  this  extensive  investigation  of  graphitic 
materials  and  carbon  cloth  composites  was  to  ascertain  the  advantage  or  im¬ 
provement  in  high-temperature  performance,  if  any,  of  the  purified  versions 
of  these  materials  over  the  commercial  grades  of  the  same  materials.  Secon- 
dar.v  objectives  were  to  compare  various  graphite  and  carbon  cloth  materials 
provided  by  four  selected  suppliers.  In  addition,  all  materials  were  eva¬ 
luated  at  both  high  pressure  and  low  pressure  test  environments  to  ascertain 
performance  characteristics  under  the  two  extreme  conditions,  typical  of  ballis¬ 
tic  vehicles  and  lifting  re-entry  vehicles,  respectively. 

6.2  Description  of  Materials  Tested 

Eight  different  materials  consisting  of  four  graphitic  materials  and 
four  carbon  cloth  composites  were  considered  in  this  program.  A  total  of 
forty  models  were  tested;  twenty-four  at  high  pressure  and  low  enthalpy  and 
sixteen  at  low  pressure  and  high  enthalpy.  The  graphitic  materials  were 
selected  mutually  by  the  Air  Force -technical  monitors  and  the  Space-General 
program  manager  and  were  bought  with  contract  funds  and  ...achined  to  final 
model  shapes  by  Space-General.  The  carbon  cloth  composites,  also  mutually 
selected  by  the  Air  Force  and  Space-General  cognizant  personnel,  were  fabri¬ 
cated  and  machined  to  model  shapes  by  U.  S.  Polymeric,  Inc.,  of  Santa  Ana, 
California.  U.  S.  Polymeric  purchased  the  carbon,  cloth  from  vendors  speci¬ 
fied  by  the  program  manager,  and  molded  the  rough  model  shape  using  SC  1008 
phenolic  resin.  Final  machining  of  the  carbon  cloth  models  required  the  use 
of  diamond  machine  tools  and  consequently  was  done  under  sub-contract  through 
U.  S.  Polymeric. 

The  graphite  materials  suppliers  which  provided  bulk  graphite  material 
for  this  program  were:  Union  Carbide  Corporation  -  Carbon  Products  Division, 

The  Carborundum  Company  -  Graphite  Products  Division,  Great  Lakes  Carbon  Cor¬ 
poration  -  Graphite  Products  Division,  and  Poco  Graphite,  Inc.  With  the  ex¬ 
ception  of  Great  Lakes  Carbon  Corporation,  which  provided  bulk  graphite  at  no 
charge,  all  other  graphitic  material  was  purchased  with  contract  funds. 
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The  carbon  ciouhs  were  suppLied  by  uhe  following  companies:  3F-  Company  - 
Klectricai  Produe Is  Division,  HUGO,  Union  Carbide  Corporation  -  Carbon  Products 
Division,  The  Carborundum  Company  -  Graphite  Products  Division.  All  carbon  cloth 
materials  were  purchased  under  subcontract  through  U.  S.  Polymeric,  Inc.,  and 
were  fa erica tea  by  U.  6.  polymeric  using  SC  luue  pnenoiie  resin.  A  table  summari¬ 
zing  the  various  materials  evaluated  under  this  program  is  presented  below. 

TABLE  ry 

M 


Material  Designation 

Density 

*  t  y  r  r  V  >  t 

Impurity  Level* 

Supplier 

Graphitic  Materials 

ATJ  Graphite 

108.0 

Commercial 

Union  Carbide  Corp. 

ATJ  Graphite-TS-777 

106.8 

20  ppm 

Union  Carbide  Corp. 

AXF 

114.8 

100-2&0  ppm 

Poco  Graphite,  Inc. 

AXF-Q1 

114.8 

6-8  ppm 

Poco  Graphite,  Inc. 

H205 

109-3 

Commercial 

Great  Lakes  Carbon  Corp. 

H205-R4 

109-3 

30 -50  ppm 

Great  Lakes  Carbon  Corp. 

Graphitite  G 

117-9 

Commercial 

The  Carborundum  Company 

Graphitite  G- 

118.6 

153-300  ppm 

The  Carborundum  Company 

Purified 

Carbon  Cloth  Materials 

Pluto n  B-l 

89.2 

Commercial 

3M  Company 

Flutor  B-l  HP 

91  •  1 

25-50  pp.i 

3M  Company 

CCA-1 

89.2 

Commercial 

HUGO 

CCA-1  l64l 

89.2 

4C0  ppm 

HITCO 

VCK 

86.1 

Commercial 

Union  Carbide  Corp. 

VCL 

87.4 

200 -300  ppm 

Union  Carbide  Corp. 

GSCC-2 

84.2 

Commercial 

The  Carborundum  Company 

GSCC-2  Purified 

83.6 

20-30  ppm 

The  Carborundum  Company 

♦Total  alkaline  earth  impurities  in  parts  per  million;  estimated  values 
in  some  cases  -  exact  numbers  not  available. 

The  carbon  cloth  models,  prepared  by  U.  S.  Polymeric,  Inc.,  were  cured 
at  1000  psi  at  325°F>  postcured  for  32  hours  through  250°F,  machined,  and  fi¬ 
nally  postcured  for  26  hours  through  325°F.  Lay-up  of  the  cloth  fabric  was 
in  the  edge-oriented  configuration,  as  sketched  in  Figure  10 6.  The  graphitic 

materials  were  machined  by  Space-General  in  accordance  with  the  dimensional 
measurements  shown  in  Figure  186. 
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Consideration  of  the  machining  and  fabrication,  and  cost  of  bulk  ma¬ 
terial  resulted  in  the  selected  model  configuration  of  a  flat  plate,  tested 
at  an  angle  of  attack  of  30° •  Originally,  wedge  models  with  a  blunt- nose 
were  considered;  however,  fabrication  costs  and  the  amount  of  material  required 
for  the  wedge  configuration  were  excessive  and  the  flat  plate  model  was  used 
instead. 

6. 3  Calibration  of  Test  Conditions 

All  of  the  graphitic  and  carbon  cloth  composite  materials  were  evalu¬ 
ated  under  both  low  and  high  pressure  conditions,  typical  of  lifting  re. -entry 
and  ballistic  vehicles,  respectively.  A  summary  of  the  environmental  condi¬ 
tions,  defined  by  gas  stagnation  enthalpy,  model  stagnation  pressure,  model 
heat  flux,  etc.,  is  tabulated  in  Table  20.  Calibration  procedures  are  des¬ 
cribed  in  earlier  sections  of  this  report  and  will  not  be  repeated  in  this 
section. 

The  high  pressure/low  enthalpy  condition  was  achieved  in  the  high  pres¬ 
sure  plasma  arc  generator  using  a  Mach  2.8  contoured  nozzle,  0.90  inches  in 
exit  diameter.  In  oi-der  to  measure  the  model  cold-wall  hear  flux  experienced 
by  a  flat-plate  at  an  angle  of  attack  of  30° ,  a  simulated  model  was  fabricated 
and  instrumented  with  a  slope- type  copper  calorimeter.  The  sensing  unit  was 
located  at  the  center  of  the  flat-plate  coinciding  with  the  center  of  the  0.90- 
inch  diameter  stream.  The  measured  cold-wall  heat  flux  was  1.027  Btu/ft2-sec 
at  an  enthalpy  of  3,000  Btu/lb  and  a  model  stagnation  pressure  of  i;.0  atmos¬ 
pheres  . 


The  low  pressure/high  enthalpy  condition,  selected  to  represent  a  typical 
lifting  re-entry  vehicle  flight  condition,  was  achieved  with  the  low  pressure 
plasma  arc  generator  and  a  supersonic  Mach  3  contoured  nozzle,  three  inches  in 
exit  diameter.  The  flat  plate  models  were  exposed  to  this  stream  at  an  angle 
of  attack  of  30°  to  duplicate  the  high  pressure  model  tests.  A  flat-plate 
calorimeter  model  was  again  used  to  measure  the  model  heat  flux  at  the  center 
of  the  flat-plate,  coinciding  with  the  center  of  the  test  stream.  The  measured 
heat  flux  at  this  point  was  156  Btu/ft2_sec. 

6. A  Results  of  Graphitic  Materials  and  Carbon  Composite  Model  Tests 

Because  of  the  large  number  of  materials  and  models  evaluated  in  this 
particular  program,  Table  21  has  been  prepared  which  summarizes  the  materials, 
model  numbers  and  test  conditions  at  which  the  specific  models  were  exposed  to. 

Initially,  exposure  times  for  the  models  were  going  to  be  selected  so 
that  the  total  heat  load  would  be  the  same  on  both  the  low  pressure  and  the 
high  pressure  tests.  However,  due  to  the  extreme  difference  in  severity  of 
test  environment,  this  was  found  to  be  unreasonable  in  that  exceptionally 
long  exposure  times  would  have  been  required  for  the  low  pressure  model  tests. 
Consequently,  exposure  times  were  selected  which  would  give  measurable  values 
of  recession  and  weight  loss.  In  addition,  the  carbon  cloth  materials  in  many 
cases,  delaminated  and  broke  apart,  at  which  point  the  model  test  was  termina¬ 
ted.  For  these  models  that  experience  delamination  and  break-up,  exposure 
times  were  dictated  by  the  breaking-up  of  the  model. 
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Comparison  of  the  graphitic  materials  and  the  carton  composites  Lac 
teen  made  in  terms  of  the  weight  loss  rates  and  model  surface  temperatures. 
Tubulated  -weight  loss  rates  are  presented  in  Table  22  along  with  the  surface 
temperatures  obtained  just  prior  to  termination  of  tne  model  exposure  period, 
using  a  Leeds  ana  Northrup  optical  brightness  pyrometer.  Surface  tempera¬ 
tures  presented  are  apparent  temperatures,  unoorrecied  for  eiaiauivicy  values. 

A  cumpariauu  of  the  weight  loss  rates  for  each  of  kc  eight  categories 
of  materials  at  the  two  teat  conditions  has  been  prepared  in  Figure  1L7.  Tne 
graphitic  material  ranking  from  lowest  to  highest  weight  loss  is: 


Material 

|  Test  Point 

1 

Weight  Loss  Rate 
(  gm,/ sec) 

*  " 

Ranking  j 

Graph it ate  G  Purified 

1 

0.205* 

T 

Graphitite  G 

1 

0 . 208* 

2 

AXF-Q1 

1 

0 . 210* 

H205-P.4 

1 

0.220* 

h 

ATJ  Purified 

1 

0.227* 

5 

AXF 

1 

0.2’H* 

6 

H205 

1 

0 . 2t8* 

v 

1 

ATJ 

1 

0 . 260* 

8 

Graphitite  G 

2 

0.0774 

1 

Graphitite  G  Purified 

2 

O.O785 

2 

ATJ  Purified 

2 

0.0857 

*3 

-J 

H20j-R4 

2 

0.0857 

3 

H205 

2 

0.0869 

4 

ATJ 

2 

0.0881 

5 

AXF-Q1 

2 

0.0905 

6 

AXF 

2 

0.0941 

7 

♦Average  of  weight  loss  rates  for  two  different  models 


The  carbon  composites,  also  plotted  on  the  same  figure,  had  signifi¬ 
cantly  higher  weight  loss  rates  than  did  the  graphitic  materials.  Also,  most 
of  the  materials  d'  laminated,  with  the  exception  of  the  GSCC-2  purified  car¬ 
bon  cloth  supplied  by  The  Carborundum  Company.  Ranking  of  the  carbon  cloth 
materials  is  presented  in  the  table  on  Page  23O. 
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NOTE:  *Measured  with  optical  pyrometer  near  end  of  exposure  period. 


Material 

Test  Point 

Weight  Loss  Rate 
( gm / sec) 

Ranking 

VCK 

1 

0.7333 

1 

GSCC-2  Purified 

1 

0.8286 

2 

CCA-1  l61+l 

1 

0.8888 

3 

GSCC-2 

1 

0.9000 

i+ 

CCA-1 

1 

1.0333 

5 

VCL 

1 

1.1167 

s 

0 

Pluton  B-l  HP 

1 

1.2333 

7 

Pluto n  B-l 

1 

1.3790 

8 

CCA-1  lbl+l 

2 

O.3I+67 

1 

GSCC-2  Purified 

2 

0.3533 

2 

CCA-1 

2 

0.3667 

3 

VCL 

2 

0.3700 

1+ 

Pluton  B-l  HP 

2 

0.1+067 

5 

VCK 

2 

0.1+733 

6 

Pluton  B-l 

2 

0.1+800 

7 

GSCC-2 

2 

0.1+867 

8 

Recession  profiles  are  graphed  individually  for  each  model  in  Figures 
188  through  197.  Due  to  the  model  configuration  and  resultant  recession  pro¬ 
files,  tabulation  of  the  recession  rates  was  not  done.  Instead,  .-"cession 
measurements  were  obtained  along  the  centerline  of  each  flat-plate  model  and 
were  plotted  to  show  the  centerline  recession  profiles.  It  is  readily  apparent 
from  this  graphical  presentation  of  ablation  profiles  both  before  and  after 
exposure  to  the  plasma  environment,  that  recession  was  not  uniform  over  the 
exposed  surface  of  the  models.  Delamination  and  swelling  of  the  carbon  cloth 
models  are  apparent  in  these  graphical  presentations . 

Pre-  and  post-exposure  photographs  of  the  graphitic  and  carbon  cloth 
models  are  shown  in  Figures  198  through  217.  Surface  appearance  of  each  of 
the  materials  is  visible  in  these  black  and  white  photographs. 


It  is  apparent  from  the  results  of  this  series  of  model  tests,  that  an 
improved  model  design  would  be  beneficial  to  the  performance  of  the  material(s) 
and  in  addition,  would  reduce  the  cost  of  test  material.  Future  models  will 
be  designed  so  as  to  eliminate  mechanical  stress/strain  on  the  test  material, 
which  dxuld  give  a  more  realistic  evaluation  of  the  true  strength,  properties 
of  each  material  at  high  temperature  eroding  environments. 
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Figure  190 -Centerline  Recession  Profiles,  AXF  (Conmercial)  and  AXF-Q1 

(Mdls.  5-9,  5-10)  (Mdls.  5-11,  5-12) 


5-13  Enthalpy 
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Distance  From  Leading  Edge  -  Inches  Distance  From  Leading  Edge  -  Inches 

Centerline  Becession  Profiles,  CCA-1  Carbon  (Mdl  5-20)  CCA-1  l6hl  (Mdl.  5-22)  VCK  Carbon  (Mdl.  5-2U)  and 

VCL  Carbon  (Mdl  5-38) 


MODEL  NO.  5-51  Enthalpy:  17,000  Btu/lb  I  MODEL  NO.  5~50A  Enthalpy:  17,000  Btu/lb 

Graphitite  G  Pressure;  0.06  atm  -  |  Graphitite  G  Pressure:  O.Of  atm  _ 
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(Mta  5-51)  and  Graphitite  G  Purified  (Mil  5-fOA) 
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0.  5-37  Enthalpy:  17,000  Btu/lb 

Carbon  Pressure:  0.06  atm 

ed) _ Heat  Flux:  156  Btu/ft^  -sec 


Model  5-3B  -  Pre-  and  Post-Exposure 


Model  5-I4-  -  Pre-  and  Post-Expo6ure 


Figure  199  —  Photographs  of  ATJ  Petrified  Graphite  -  Models  5-3B  and 


Mndel  5-8  -  Pre-  and  Post-Exposure 

Figure  201  --  Photographs  of  Graphitite  G  Purified  Graphite 

Models  5-7  and  5-8 
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Model  5-11  -  Pre-  and  Post-Exposure 


Model  5-12  -  Pre-  and  Post-Exposure 

1 


E 

Figure  20^  --  Photographs  of  H205  Commercial  Graphite  -  Models  5-15  and  5-16 
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Figure  205  --  Photographs  of  H205-R4  Purified  Graphite 

Models  5-13  and  5-14 
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Model  5-20  -  Pre-  and  Post-Exposures 
CCA-1  Carbon 


Figure  206  --  Riotographs  of  CCA-1  and  CCA-1  l64l  Carbon  Cloth  Models 

Models  5-20  and  5-22 
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Model  5-36  -  Pre-  and  Post -Exposures 

GSCC-2  Carbon  -  High  Purity 


IS 
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Figure  208  --  Photographs  of  GSCC-2  and  GSCC-2  High  Purity  CarDon  Cloth  Models 

Models  5-26  and  5-36 
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Model  5-32  -  Pre-  and  Post- Exposure 
Pluton  B-l  Carbon 


Model  5-28  -  Pre-  and  Post-Exposure 

Pluton  B-l  High  Purity  Carbon 


Figure  209  --  Photographs  of  Pluton  B-l  and  Pluton  B-l  High  Purity  Carbon  Cloth  Modeli 

Models  5-32  and  5-28 
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Model  5-51  -  Pre-  and  Post-Exposure 
Gr&phitite  G  Graphite 


Model  5 -50 A  -  Pre-  and  Post-Exposure 

Graphitite  G  Purified  Graphite 


Figure  211  --  Photographs  of  Graphitite  G  and  Graphitite  G  Purified  Graphite  Models 

Models  5-51  and  5-50A 
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Model  5-21  -  Pre-  and  Post-Exposure 
CCA-1  Carbon 


Model  5-23  -  Pre-  and  Post-Exposure 

CCA-1  l64l  Purified  Carbon 

Figure  214  —  Photographs  of  CCA-1  and  CCA-1  l64l  Purified  Carbon  Cloth  Models 

Models  5-21  and  5-23 
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Model  5-37  -  Pre-  and  Post-Exposure 
GSCC-2  Purified  Carton 


Figure  216  --  Photographs  of  GSCC-2  and  GSCC-2  Purified  Carbon  Cloth  Models 

Models  5-27  and  5-37 
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Model  5-33  -  Pre-  and  Post-Exposure 
Pluton  B-l  Carbon 


Model  5-29  -  Ere-  and  Post-Exposure 

Pluton  B»1  Purified  Carbon 


Figure  217  --  Photographs  of  Pluton  B-l  and  Pluton  B-l  Purified  Carbon  Cloth  Models 

Models  5-33  and  5-29 
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7.0 


CHAR  LATER  PROGRAM 


In  conjunction  with  The  Boeing  Company,  phenolic-carbon  models  were 
exposed  to  a  high  enthalpy/ low  pressure  plasma  environment  for  the  purpose 
of  attaining  uniform  char  layers  £-inch  to  y-inoh  in  depth  for  detailed 
analysis  of  trie  char  layer  properties  by  Boeing  personnel.  Transient  heat¬ 
ing  conditions  from  9^  to  %)0  Btu/ft2-sec  at  enthalpy  levels  from  8, 800  to 
16,200  Btu/lb  were  used  to  achieve  charring  of  the  phenolic- carbon  models. 

7.1  Objectives 

The  primary  objective  of  this  program  was  to  provide  a  hyperthermal 
environment  which  would  produce  char  layers  or  phenolic-carbon  models  of 
■nr- inch  to  y-inch  in  depth.  Furthermore,  the  char  layers  were  to  be  produ¬ 
ced  under  transient  conditions  in  which  the  enthalpy  and  model  stagnation 
pressure  were  varied  in  such  a  manner  as  to  achieve  a  minimum  heating  rate 
of  90  Btu/ft2-sec  and  ^  maximum  heating  rate  cf  500  Btu/ft2-sec. 

7.2  Description  of  Test  Progjram 

The  phenolic- carbon  me  dels  were  fabricated  by  Aerospace  Corporation 
into  2.00-inch  diameter  flat-face  cylinders,  in  accordance  with  the  model 
design  sketched  in  Figure  218.  Instrumentation,  consisting  of  a  single 
chromel./alumel  thermocouple  located  along  the  centerline  of  the  model  and 
at  a  distance  of  0.750  inches  from  the  stagnation  point,  was  installed  by 
Space-General  personnel.  The  specific  materials  used  for  the  models  were 
HITCO's  CCA-1  carbon  cloth  and  91LD  phenolic  resin.  Lay-up  of  the  material 
•fabric  was  perpendicular  to  the  direction  of  heat  flow  for  the  purpose  of 
performing  char  analysis  of  each  individual,  layer. 

Transient  test  conditions  were  achieved  with  the  high  enthalpy/low 
pressure  plasma  arc  generator  and  a  Mach  3  contoured  nozzle,  three  inches 
in  exit  diameter.  The  test  conditions  were: 

lodel  Stagnation  Gas  Stagnation  Model  Stagnation 
Heat  Flux  Enthalpy  Pressure _ 

93  Btu/ft2sec  8,800  Btu/lb  0.019  atms. 

Increased  Power  Linearly  to  Maximum  Heat  Flux 
495  Btu/ft2sec  16,200  Btu/lb  0.101  atms. 

A  total  of  .seven  .models  were  exposed  to  the  above  environmental  con¬ 
ditions;  calibration  data  for  each  model  test  is  tabulated  in  Table  23. 
Weight  loss  rates.,  surface  temperatures,  and  internal  temperature  at  the 
end  of  the  exposure  ^period  are  tabulated  in  Table  24,.  Interna],  temperature 
histories  are  graphed  in  Figures  219  through  222,.  External  views  of  the 
exposed  models  are  presented  in  the  photographs  in  Figures  223  and  224. 

Due  to  the  laminated  lay-up  of  the  material,  most  of  the  models  delaminated 
upon  exposure  to  the  heated  environment.  Also,  there  is  evidence  as  seen 
in  the  photographs,  that  the  exposed  frontal  face  of  some  of  the  models 
formed  a  bubble  caused  by  air  pockets  under  the  delaminated  layers  of  ma¬ 
terial.  The  exposed  models  were  forwarded  to  Boeing  for  analysis  of  the 
char  layer. 


Exposure  Time 


0  to  5  secs. 

5  to  35  secs. 
35  to  60  secs. 


SPACE-GENERAL  CORPORATION 


s  s; 

'"s- 

P  i 


5  £ 
£  £ 
R  o 


I  $ 

i _ _ _ 

i  i 

I  r, 


H 

rt 

r~i 

o 

OD 

CO 

ak 

LA 

Q 

U\ 

p 

-4 

-4 

On 

rd 

Q 

r- 1 

rs 

O 

5 

r> 

o 

Q 

o 

o 

o  o 
o  c 


&  5 


tc 

5  £ 

CO  3  ■  — 

a)  g 


a)  a)  <fi 

x 


.  ^ 

0£>  <0 


8  8  8  8 

o  'So  o  *3  o 


8  8 

o  ■§  d 


o  t|  d 


8  8 
.  to  • 
O  •«  O 


tn  a  a 

m  4-> 

oo  aJ 

rd  <L  -w 

m  b* 


US 

ro 

co  c\j 

co  p  co 


o 

—  u  - 

-  O' 

<i> 

03 

03 

03 

Q 

LA 

LT\ 

U*N 

CO 

CO 

4-> 

ft 

vo  Jr 

n+3  rn 

LfN 

cn  *_> 

r—i  LA 
*  03  • 

O  c  o 
o 


r— I  tA 

-  UJ  * 

O  c  o 

o 


rd  LA 

o  S  o 
o 


V  *  *U  VC' 

i — i  la 

d  3  o 

o 


IA 

*0 

VO  N- 

rop  V, 
u  DJCG 

r*d  LA 


ia 

no 

lA  >o 
<VN  ,  > 

o  01  03 

rd  LA 

o  S  o 

o 


O  5jC0 
rd  LA 
-  Vl  * 

o  c  o 
o 


o 

o  ^ 

rt\  r- \ 

rd  o  o 


o 

o 

Q\  rd 

•H  O  O 
o  P  1-1 


2 

o 

o 

On  rd 

^  O  o 

O  +■»  rd 


o 

o 

CjN 

«-»  O  o 

o  P  -H 


o 

O 

CTv  fH 
rd  O  O 
O  ^  H 


1 

o 

o 

<J\  — ( 

~HOO 
O  p  H 


T3 

C 

o 

o 

Q\  «— t  i 

rd  O  O  i 
O  P  **d  ; 


O  0)  o 
03 

s 

u 

v 

c 


0*0 

o> 

_  41  _ 

0) 


O^O 

CO 

_ a _ 

£ 

u 

C 


O  iio 

CO 


O  4>  O 

C0 

_  *_ 

3 


O  4;  o 

S3 

o 

a 


lA  ^  Q 

co  a  co 

cr  i'  h 

~  c  * 

co  v-D 

■J  rH 


Q  P  LA 

On  41  p 

P*-  *  CM 

^  C  ^ 

aD  *h  vO 

k-4  rd 


8  ft.  LA 
03  IA 

t—  V  CM 

•.  CJ 

CO  *H  VD 

tJ  rd 


ia  ft.  o 

^  03 

a>  cm 

•.  c  •. 

CO  T^VO 

P3  rd 


O  ft«  Q 
H  a}  4 

00  43  cn 

•*  C  «i 

aO  vo 

P3  H 


p  u  u ' 
O'  -4 
t —  a>  cvj 

•  c  •> 

CO  H  VO 
1-4  rd 


ITN  ti  O  ! 
H  ^4 
CO  <0  CM  I 

*  d  *n  l 
CO  *H  'X)  I 

»-4 


op  K  i 

4  ?C M 

n  h  +j 

l/*N 

i'N 

(T'l 

1/N 

O0 

VO 

tT\ 

co 

CM 

IPs 

rd 

LT“ 

vO 

1)  +>  3 

ro 

CO 

J 

OJ 

U"N 

Cvj 

rd 

l/N 

CO 

J 

CO 

■9  m  +> 

ON 

o 

ON 

o 

ON 

o 

On 

o\ 

ON 

O' 

O 

ON 

os 

5  A!  « 

S  K-w- 

J 

J 

J 

-4 

-4 

-4 

5 

l/S 

U\  o 

ro  \o 

I/S 

IA  O 

rovJ5 

lA  O 

UV  COVO 

IA  O 
u“\  f  »vo 

LA  Q 

LA  COnJ) 

LA  O 

LA  rOvO 

IA  Q 
LA  COVO 

E 

0 

O 

Hi 

O 

•P 

0  o 

p  p 

O 

-P 

O  O 

P  P 

0  Q  O 

P  P  P 

o  o  c 

p  p  p 

55  5 

COO 
p  p  p 

V 

03 

o 

U“\  U~v 

ro 

o 

LCN  ITS 

cn 

c  IA  L/N 

no 

O  l/S  LA 
CO 

O  U*S  LA 
CO 

O  ia  l/N 
CO 

o  LA  la 
co 

CM 

no 

LA 

CM 

OJ 

CM 

vo 

vo 

1 

vo 

1 

vo 

HI 


DEL  DESIGN  FOR  CHAR  LAYER  PROGRAM 


MODEL  NO.  6-19 
BOEING  PHENOLIC  -  CA«».>n 


Time 

(secs 

j  o  - 
j  5  -35 
I  35 -bu 


Enthalpy 

(Ptu/lb) 


(atm)  (Btu/: 


eat  PI 

a/ft5-: 


lux 

-sec) 


Linear  Increase  to  conditions  oeluw 
i6,io0  o.-.ni  »-oo  t. 


SECONDS 


MODEL  vn,  6-20 
BOEING  PHENOLIC-CARBON 


Time 

Enthalpy 

Pressure 

Heat  Flux 

(aecs) 

(Btu/lb) 

(atm) 

(Btu/ft^-sec) 

—  0-5 

8,790 

0.019 

9**.3 

—  5-35 

Linear  Increase  to  Conditions  Below 

35-60 

1.6,205 

0.101 

494.5 

TC  NO.  1 
X  «  .75" 


TIME  -  SECONDS 


Figure  219  —  Boeing  Phenolic -Carter.,  find**  la  £-10  $•.  6-20  Temperature 

Histories 
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MODEL  NO.  6-23 
BOEING  PHENOLIC-CARBON 


600 

500 

koo 

300 

200 

100 

0 


_ 1.  J _ 1 _ I _ I _ ! _ L 

Time  Enthalpy  Pressure  Heat  Flux 
(secs)  (Btu/lb)  (atm)  (Btu/ft  -sec ) 

0-5  8,810  0.019  9k.2 

5-35  Linear  Increase  to  Conditions  Below 
35-60  16,3^0  0.101  I+95.5 


TC  NO.  1 
X  -  .75" 


0  10  20  30  40  50  60  70  80  90  100 


TIME  -  SECONDS 


Figure  221  --  Boeing  Phenolic-Carbon,  Models  6-23  &  6-24  Temperature  Histories 
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MODEL  NO.  6-25 
BOEING  PHENOLIC -CARBON 


a 


Time 

Enthalpy 

Pressure 

Heat  Flux 

(secs) 

iBtu/jLb) 

(  qtm) 

(Btu/ft2-sec) 

0-5 

8,815 

0.019 

93.6 

5-35 

Linear  Increase  to  Conditions  Below 

35-60 

16, 240 

0.101 

493.4 
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Figure  222  --  Boeing  Fhenol.ic -Carbon,  Model  6-25  Temperature  History 


Model  6-19  -  Pre-  and  Post-Exposure 


Figure  223  --  Kioto graphs  of  Char  layer  on  CCA-1/91ED  Phenolic-Carbon 

Models  6-19  and  6-20  and  6-21 
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8.0 


MTA  CORRELATION  STUDY  PROGRAM 


The  necessity  for  developing  general  methods  for  the  correlation  of 
arc  test  data  becomes  increasingly  evident  each  year  with  the  publication  of 
greater  numbers  of  arc  test  results.  Because  of  the  lack  of  standard  data 
presentation  procedures,  each  'materials  test  tends  to  be  presented  in  the  very 
specialized  parameters  associated  -with  the  experiment.  Consequently,  when  a 
new  mission  is  planned,  there  is  difficulty  in  knowing  whether  any  of  the  pre¬ 
vious  test  work  applies,  or  whether  new  test  programs  must  be  initiated. 

The  objective  of  the  present  work  is  to  determine  a  method  for  pre¬ 
senting  both  altitude  and  velocity  effects  (pressure  and  enthalpy)  on  a 
6ingle  graph,  so  that  for  any  mission  of  interest,  it  can  be  determined  at 
once  what  materials  have  already  been  studied,  and  what  the  relative  merits 
of  the  various  materials  are.  In  order  to  be  generally  useful,  the  method 
should  be  two-dimensional,  avoiding  three-dimensional  presentations.  Fur¬ 
ther,  the  method  should  be  reasonably  simple,  involving  standard  data  cali¬ 
bration  measurements,  so  that  these  computations  could  be  included  in  any 
test  program  without  appreciable  additional  work. 

In  the  course  of  the  present  work,  a  number  of  techniques  were  inves¬ 
tigated.  The  most  suitable  appears  to  be  that  of  using  the  quantity  qTp’ 
as  a  transfer  parameter  in  an  altitude-velocity-recession  rate  nomograph. 

8.1  The  Altitude-Velocity  Nomograph 

The  concept  of  free-flight  simulation  in  arc  tunnels  is  based  on  the 
assumption  that  the  stagnation  enthalpy  and  pressure  st  the  model  surface 
are  matched,  even  though  the  tunnel  Mach  number  and  free  stream  conditions 
ahead  of  the  shock  wave  may  be  far  from  those  of  a  free-flight  vehicle: 


Arc -Tunnel 


Free-Flight 


When  the  test  model  Is  smaller  than  the  free- flight  vehicle  component 
tested,  which  is  often  the  case.,  then  the  heating  rates  will  not  be  matched, 
since  q  is  proportional  toT^. 

In  many  test  programs,  depending  on  the  application,  the  heating  rates 
to  the  scaled  model  are  matched  to  the  free- flight  case  by  whatever  combina¬ 
tions  of  pressure  and  enthalpy  can  be  obtained  in  the  arc  tunnel  to  produce 
the  required  heat  flux  even  though  the  stagnation  enthalpy  and  pressure  do 
not  then  correspond  to  the  free- flight  case.  By  testing  at  a  number  of  pres¬ 
sures  and  enthalpies,  the  systematic  variation  in  ablation  performance  can 
be  evaluated  with  reference  to  the  required  free-stream  conditions. 

The  'bask  of  finding  one  general  technique  for  correlating  test  data 
is  therefore  difficult  since  free- flight  conditions  may  be  simulated  in  a 
number  of  different  ways.  As  a  first  step  in  studying  this  problem,  it  is 
assumed  that  some  functional  relationship  ^  exists  which  relates  the  tunnel 
conditions  to  those  in  free- flight  so  that  a  nomograph  relating  flight 
conditions  to  the  ablating  recession  rate  may  be  determined  through  the 


The  problem  of  deriving  a  suitable  function ^  which  is  simple  enough 
to  be  generally  ■useful  while  at  the  same  time  incorporating  the  essential 
features  of  the  simulation  is  .difficult.  One  approach  taken  in  the  present 
study  is  to  select  reasonably  simple  parameters,  based  on  similarity  argu¬ 
ments,  and  to  determine  through  correlation  of  test  data  whether  the  method 
is  practically  meaningful. 


276 


I 

I 

I 

1 

I 

I 

1 

I 

E 

I 

I 

i 

I 

I 

I 

8 

I 


8.2 


Similarity  Parameters  for  Ablating  Materials 

Similarity  parameters  have  been  derived  for  most  classes  of  ablating 
materials  by  Lees  and  others  (References  6  through  10).  The  dimensionless 
similarity  parameter  common  in  all  theoretical  ablation  studies  is  the  Stan¬ 
ton  number  defined  as: 


H  - 

In  terms  of  model  stagnation  pressure,  the  Stanton  number  is  approximately: 


The  zero  subscript  indicates  no  mass  addition,  as  compared  with  the  general 
Stanton  number  which  takes  into  account  ablation  effects. 


The  Stanton  number  depends  not  only  on  model  stagnation  conditions, 
p'  and  IL,  ,  but  also  on  the  free-stream  conditions.,  &©Uo©  •  Therefore,  the 
free- flight  Stanton  number  will  rot  be  the  same  as  that  of  the  arc  facility 
owing  partly  to  the  great  difference  in  free-stream  Mach  number.  These  free- 
stream  parameters  are  unknown  in  meet  arc  test  facilities,  ar.d  are  difficult 
to  measure.  Calculations  over  typical  arc  tunnel  operating  ranges  show  the 
very  large  variation  in  free-stream  parameters,  Figure  225,  for  equilibrium 
conditions.  Since  many  arc  tunnels  are  not  in  thermodynamic  equilibrium,  but 
have  some  type  of  frozen  flow.,  the  actual  range  of  is  probably  even 

larger  than  that  shown. 


While  the  Stanton  number  accounts  for  heat  transfer  effects,  Reynolds 
number  and  Mach  number  effects  are  not  included.  Further,  the  Stanton  num¬ 
ber  must  be  modified  to  account  for  the  various  models  of  heating  which, 
in  typical  axe  tunnel  tests.,  may  range  from  primarily  convective  heating  at 
low  enthalpy/high  pressure  test  conditions  to  conditions  controlled  by  the 
transport  of  chemical  energy  "by  diffusion  at  higher  enthalpies.  Lees  (1958) 
has  included  these  various  effects  in  a  single  mass  :addition  parameter  B 
defined  as::  r 

_  & 

Mass  addition  parameter.:  3  = _ 


The  mass  addition  parameter,  together  with  theoretical  boundary  layer  calcu¬ 
lations  define  the  recession  rate  for  given  values  of  3*.,  the  ratio  of  dri¬ 
ving  enthalpy  to  the  sum  of  the  heat  of  sublimation  -and  material  heat  capa¬ 
city  up  to  the  sublimation  temperature,  shown  in  Figure  226.  Some  typical 
experimental  values  for  Teflon  are  shown  in  Figure  .227,  covering  a  wide 
range  of  arc  tunnel  -enthalpies,  indicating  the  validity  of  this  approach  at 
leas  t  for  sublimating  materials.  For  materials  which  melt,  or  have  other 
ores sure- dependent  mechanisms  associated  with  the  ablation  process,  the  ana¬ 
lysis  is  more  complicated  (Lees,  1958)  although  .still  involving  the  same  di¬ 
mensionless  parameters. 
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Various  other  parameters  have  been  suggested  for  understanding  abla¬ 
tion  data.  Extensive  curve  fitting  procedures  for  products  have  been 

studied  (Hiester,  19 66);  many  combinations  of  q  ,  H  and  p  can  be  found  which 
have  some  theoretical  basis.  For  arc  work,  it  is  preferable  to  use  a  para¬ 
meter  which  is  based  on  measured  quantities  in  the  test  model  environment. 

The  difficulty  with  the  enthalpy  as  a  reference  quantity,  as  has  been  pointed 
out  in  Ref.  11  is  that  the  arc  jet  may  have  a  local  enthalpy  in  the  test  re¬ 
gion  which  is  very  different  from  the  average  enthalpy  of  the  stream. 

It  is  preferable  to  use  the  local  heat  transfer  measurement  q,  where 
the  calorimeter  sensor  is  similar  in  area  to  the  model  surface  in  order  to 
give  a  reasonably  reliable  figure  for  the  average  heat  which  the  model  re¬ 
ceives.  Further,  most  arc  tunnels  measure  the  model  stagnation  (pitot) 
pressure,  so  that  two  calibration  measurements  q  and  p^  are  available  for 
use  in  data  reduction.  The  fact  that  the  surface  velocity  distribution 
is  proportional  to  the  square  root  of  the  pressure,  Ref.  9,  suggests,  as 
a  first  estimate,  the  parameter  qfp1  .  This  parameter  has  been  studied  with 
reference  to  a  number  of  materials  of  interest  including  Teflon,  various 
graphites  and  carbon  composites,  high  density  elastomers  and  low  density 
ablators  including  Armstrong  Cork.  For  the  materials  studied  thus  far, 
the  qtp1  dependence  has  proven  to  be  a  useful  parameter  in  correlating  test 
data  (see  Section  8.3  below). 

8.3  Correlation  of  Test  Data 

The  first  step  in  evaluating  the  validity  of  the  qTp1  parameter  was 
to  plot  test  data  for  various  materials  taken  over  wide  ranges  of  pressure 
and  heating  rate.  .Teflon  was  considered  first  because  of  the  large  amount 
of  test  data  available  for  Teflon  at  a  variety  of  test  conditions  in  both 
supersonic  and  subsonic  test  facilities.  The  collected  data  represents 
over  three  orders  of  magnitude  in  pressure,  i.e.  .01^n^^l.6  atmospheres. 

The  qTp*  correlation  parameter  shown  in  Figure  228  gives  a  nearly  linear 
variation  with  recession  rate,  as  might  be  expected  for  a  sublimator  such 
as  Teflon.  The  wide  variation  in  pressure  seems  properly  accounted  for 
with  both  the  supersonic  and  subsonic  data  correlating  well.  In  the  nomo¬ 
graph  shown  in  Figure  229,  the  free-flight  values  for  stagnation  enthalpy 
and  pressure  are  compared  with  the  experimental  data,  assuming  a  flight 
vehicle  unit  radius.  For  much  of  the  test  data,  these  free-flight  enthalpies 
and  pressures  are  identical  to  those  of  the  arc  tunnel  model.  However,  for 
many  data  points  this  direct  correspondence  is  not  true.  For  example,  the 
subsonic  data  with  high  heating  rate  at  atmospheric  pressure  simulates  free- 
flight  conditions  of  higher  pressure  and  lower  enthalpy.  The  importance  of 
the  correlation  is  however  to  demonstrate  that  as  far  as  the  ablation  perfor¬ 
mance  is  concerned,  it  does  not  make  any  difference  what  the  pressure  and 
heating  rate  are  as  long  as  the  product  is  matched,  since  the  recession 

rate  will  be  the  same  for  all  values  of  p  at  least  over  the  ranges  tested, 
i.e.  .01  =  p'  =  1.6  atmospheres.  The  corresponding  free-flight  altitude- 
velocity  nomograph  versus  recession  rate  is  shown  for  Teflon  in  Figure  230. 
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The  next  material  categories  studied  were  the  carbon  cloth  composites 
and  graphitic  materials  since  these  represent  areas  of  special  current  interest. 
A  summary  of  various  carbon  cloth  phenolic  recession  rates  is  shown  in  Figure 
231  versus  the  qTp1  parameter  representing  a  wide  variation  in  stagnation  pres¬ 
sure,  i.e.  .01  =  p'  =  10  atmospheres.  The  qTp  parameter,  varying  over  four 
orders  of  magnitude,  satisfactorily  correlates  the  measured  recession  rate  with 
only  moderate  data  scatter  despite  the  variety  of  carbon  phenolics  included, 
namely  Pluton  B-l,  CCA-1,  VCL  and  CFA.  The  correlation  is  much  improved  when 
each  material  is  examined  independently  as  in  Figure  232  through  235 • 

The  validity  of  qfp  parameter  in  satisfactorily  accounting  for  pressure 
effects  is  shown  for  the  various  composites  in  Figures  232  through  235-  In 
each  case,  the  data  represents  a  pressure  variation  of  .01  -  10  atmospheres, 
with  the  Space-General  data  of  the  present  study  being  in  agreement  with  the 
previously  reported  Martin  data.  Ref.  12. 

The  ATJ  graphite  data  over  similar  ranges  of  pressure  and  heating  rate 
are  shown  in  Figure  236.  Here  also,  the  Space -General  points  agree  with  the 
Martin  (Ref.  12)  results,  with  the  pressure  being  properly  accounted  for  by 
the  qTp'  parameter.  The  . .  . J  graphite  data  is  compared  with  other  graphitic 
materials,  namely  Graphitite  G,  AXF  and  H205  of  The  Carborundum  Company,  Poco 
Graphite, Incorporated,  and  The  Great  Lakes  Carbon  Corporation,  respectively, 
in  Figure  237*  Although  not  enough  data  was  taken  at  various  pressures  to 
verify  the  validity  of  the  qT?  parameter,  it  is  noted  that  the  plotted  data 
has  approximately  the  same  behavior  as  the  ATJ  graphite  data  and  the  various 
carbon  phenolic  materials  shown  in  Figure  237  for  comparison. 

The  correlation  of  the  high-density  ablators  tested  in  the  present  study, 
namely  Dow  Corning  93-0°2  and  93-069,  an  elastomeric  material,  and  the  low-den¬ 
sity  ablation  materials,  Douglas  SMORS-25,  Armstrong  Cork  2755  and  Boeing  Car- 
borazole,  are  shown  in  Figure  238.  While  the  range  of  pressure  was  not  large 
enough  to  accurately  determine  whether  the  qTp1  parameter  is  suitable,  the 
trend  of  the  data  appears  promising. 

A  summary  of  these  data  classes  is  shown  on  the  altitude-velocity  no¬ 
mograph  in  Figure  239,  illustrating  the  general  applicability  of  the  tech¬ 
nique.  In  some  ways  it  is  surprising  that  such  a  simple  correlation  parameter 
has  been  effective  over  the  wide  ranges  of  pressure  and  heating  rate.  It 
might  be  expected,  for  example,  that  in  certain  ranges  the  parameter  would 
fail,  making  it  necessary  to  modify  the  simple  qTp1  parameter  to  account  for 
the  observed  variations.  While  this  modification  has  not  been  necessary  for 
Teflon,  graphite  and  the  carbon  phenolic  materials,  further  data  correlation 
Is  necessary  before  the  ’usefulness  of  the  parameter  can  be  verified  for  other 
material  classes . 
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CONCLUSIONS 


The  work  performed  under  this  project  has  demonstrated  the  feasibility 
of  carrying  out  materials  characterization  on  different  types  of  new  research- 
materials  developed  by  various  ^aerospace  organizations,  respite  the  complexi¬ 
ties  of  dealing  with  numerous  engineering  groups  and  materials  suppliers,  effi¬ 
cient  methods  were  developed  for  examining  the  wide  variety  of  materials  under 
widely- -varying  plasma  arc  test  conditions.  Since  each  of  these  subtasks  was 
in  itself  an  individual  project,  with  specific  goals  and  objectives,  the  achieve¬ 
ments  and  accomplishments  of  each  program  are  presented  in  separate  complete 
sections  in  this  report,  under  the  following  headings: 


Section  2.0 
Section  3-0 
Section  4.0 

Section  5-0 
Section  6.0 

Section  7.0 


Low-Density  Ablator  Program,  Pages  5  through  10 4 

High-Density  Ablator  Program,  Pages  105  through  170 

Special  Class  Low-Density  Ablator  Program, 

Pages  171  through  204 

Coated  Refractory  Metal  Program,  Pages  225  through  224 

Carbon  Composites  and  Graphitic  Materials  Program, 
Pages  225  through  264 

Char  layer  Program,  Pages  265  through  274 


The  one  common  task  interlinking  the  above  projects  was  the  study  of 
methods  to  correlate  ablation  data.  In  this  study  (Section  8.0  -  Data  Corre¬ 
lation  Study  Program,  Pages  275  through  294)  it  was  found  that  if  the  mea¬ 
sured  recession  rate  were  plotted  against  a  parameter  formed  by  the  cold  wall 
heat  flux  multiplied  by  the  square  root  of  the  pressure,  q  Yp  ,  all  measured 
data  fell  on  a  single-valued  curve.  In  this  initial  effort,  data  was  com¬ 
piled  covering  over  four  orders  of  magnitude  in  both  pressure  and  heating 
rate.  Caution  is  indicated  in  using  this  parameter  at  either  very  high  heat 
flux  or  very  high  pressure,  where  either  radiation  effects  or  reaching  of 
the  triple-point  may  cause  the  curves  to  divide  into  double  or  triple  branches. 
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10 . 0  RECOMMENDATIONS 


The  major  recommendation  of  the  present  study  relates  to  methods  of 
reporting  ablation  data,  diagnostic  measurements,  and  other  descriptive  in¬ 
formation  in  contractor  reports.  At  present,  no  uniform  criteria  has  been 
established  for  arc  tunnel  tests.  Consequently,  each  report  tends  to  reflect 
the  specific,  specialized  purpose  of  the  particular  test  program  so  that  it 
is  difficult  to  adapt  the  test  results  to  any  other  application. 

It  is  highly  desirable  that  each  ablation  report  include  certain 
minimum  informtion  in  order  that  the  ablation  test  results  may  be  applied 
to  a  wider  range  of  applications.  This  information  should  include: 

1.  Adequate  descriptive  information  on  the  substance  tested  including 
the  proper  generic  name,  the  density,  and  other  general  identify¬ 
ing  properties  pertinent  to  the  type  of  material,  as  is  possible 
without  disclosing  proprietary  information. 

2.  A  clear  statement  as  to  whether  the  arc  tests  were  subsonic  or 
supersonic. 

3.  Information  regarding  the  heating  and  pressure  profiles.  Even  a 
general  statement  as  to  whether  the  teFt  point  had  a  hot  core  may 
be  significant  in  correlating  the  test  data. 

4.  The  cold-wall  stagnation  heat  transfer  rate,  preferably  in 
Btu/ft^-sec,  stating  the  size  of  the  measuring  calorimeter  with 
respect  to  the  sample  size  and  shape. 

5.  The  stagnation  pressure  as  measured  locally  in  the  free-stream 
with  a  pitot  probe,  preferably  in  atmospheres  (units’). 

6.  The  model  recession  rate,  preferably  in  inches/sec,  noting  whe¬ 
ther  this  is  an  average  rate  and  giving  an  indication  of  local 
deviations  due  to  hot  spots  or  material  irregularities. 

In  the  literature  search  phase  of  the  present  study  it  was-  found  that 
many  reports  did  not  include  the  pressure  and  frequently  the  cold-wall  heat 
flux  was  also  omitted  in  favor  of  'effective'  heating  values.  Further,  the 
recession  rate  was  often  not  reported,  but  instead  measurements  of  the  abla¬ 
tion  loss  with  time  wa*e  reported  making  it  necessary  to  measure  the  average 
slope  of  the  curve  to  find  the  recession  rate  required  for  data  correlation. 

The  above  tabulated  minimum  list  may  not  be  sufficient  at  either  very 
high  pressure  or  at  very  high  temperatures  where  radiation  effects  are  impor¬ 
tant.  At  present,  it  is  believed  that  these  effects  may  be  accounted  for  by 
branch  curves  so  that  additional  information  would  presumably  not  be  required. 
Further  study  is  necessary  before  it  can  be  definitely  established  whether 
the  above  minimum  list  is  sufficient. 
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